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x Preface 


unfailing courtesy in producing this English language edition, and especially 
Prof. Rhodes W. Fairbridge, who suggested the translation and made 
valuable recommendations. I hope it will serve the needs for advanced 
students and researchers in America, Britain and the English-speaking 
world, who are faced by the ever-swelling mass of literature at home and 
the additional language problem abroad. The work is therefore dedicated to 
all whose researches may provide answers to some of the questions here 
raised. 
MartTIN SCHWARZBACH 
Cologne, 20 August, 1962 


Contents 


Preface ix 


Part I—GENERAL PALEOQCLIMATOLOGY 


2. 


On Awa bh WwW 


12 


Definition and Historical Development of 
Paleoclimatology 3 


The Present Climate and its Steniicance for 
Patleoctimatotogy PF 


The Reconstruction of Paleoclimates 19 

Evidence of Hot Climates 22 

Evidence of Cold Climates 37 

Evidence of Arid Climates 63 

Evidence of Humid Climates 70 

Atmospheric Pressure Distribution and 
Thunderstorms 73 

Seasonal and Long-term Climatic 
Variations 83 

Mathematical Investigation of Past 
Climates 97 

Physical Methods of Determining Paleo- 
temperatures 99 

Paleoclimatology and Economic Deposits 103 


Part 2—HISTORICAL PALEOCLIMATOLOGY 


13 


Introduction and Precambrian 107 


14 The Eo-Cambrian Glaciations 113 


xi 


Contents 


15 The Older Paleozoic 123 


16 Younger Paleozoic and the Permo- 
Carboniferous Glaciation 131 


47 Mesozoic 153 

18 Tertiary 164 

19 Quaternary 181 

20 The Earth’s Climatic History 210 
2i Climate and Organic Evolution 218 


Part 3—GENETIC PALEOCLIMATOLOGY 


22 Introduction 223 
23 Relief Hypotheses 225 


24 Other Terrestrial Causes of Climatic 
Variation 235 


25 Polar Wandering, Continental Drift, and 
Paleomagnetism 244 


26 Orbital Variations (Radiation Curves) 249 
27 Extra-Terrestrial Hypotheses 257 
28 Attempted Synthesis 261 
29 Future Climatic Development: a Prospect 263 
Bibliography 265 
Conversion Table for Degrees Fahrenheit to 
Celsius (Centigrade) 301 
Author Index 303 
Place and Subject Index 315 


Part 1 


GENERAL PALEOCLIMATOLOGY 


Definition and 
Historical Development 
of Paleoclimatology 


Les cieux méme ont varié, ct toutes les choses de 
Punivers physique sont comme celles du monde moral, 
dans un mouvement continuel de variations successifes. 

Burron, Epoques de la Nature, 1778 


DEFINITION AND SIGNIFICANCE 


Paleoclimatology, the study of climates of the past, is closely related to 
geology, to climatology, and to meteorology, and it touches upon many 
branches of the natural sciences. 

The climatic evidence afforded by fossil plants, animals, and sediments is 
of particular importance for the reconstruction of paleoclimates; recently, 
however, physical methods have also been devised. It is worth pointing out 
that the basic data have mainly been derived from geology (together with 
paleobotany in particular), i.e. from an “‘inexact”’ natural science, while the 
often highly speculative attempts at explanation have come very largely 
from the “exact” sciences of astronomy, physics, geophysics, and meteoro- 
logy. Neither of the two most consistent and most frequently quoted earlier 
descriptions of paleoclimates, namely the texts by Képpen-Wegener and 
by Brooks, was written by a geologist. 

Paleoclimatology helps us to reconstruct the earth’s surface features in 
times past (paleogeography) and throws light on the problem of polar 
wandering—for which a particularly close relationship with paleomagnetism 
has recently emerged. It also relates to the geology of economic deposits, 
and to the question of evolutionary development, and is fundamentally 
important in regard to cosmogenic hypotheses. 


HISTORY 


As early as the seventeenth century, it was suggested that the climate had 
been warmer at times than it is today. Around 1800, it was discovered that 
existing glaciers were formerly much more extensive and, soon after this, 
that there had been an Ice Age. In the latter half of the nineteenth century, 
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the multiple nature of the Quaternary Ice Age, and the existence of glacia- 
tions going back in time to the pre-Quaternary and, in fact, to the Precam- 
brian Era were recognized. 

The following are a few of the more important dates in the development 
of paleoclimatology (many of them taken from Zittel’s History of Geology 
and Paleontology, 1901): 


1686 


1778 


1799 


1802 


1817 


1822 


1823 


1829 


The distinguished English physicist, RopERT Hooxe, concluded from 
the presence of fossil turtles and large ammonites at Portland Bill, 
that the climate had once been warmer. He considered that this 
climatic change was due to variations in the inclination of the earth’s 
axis. 

Burron (Paris) described the cooling of the earth in “Epoques de la 
Nature”. At first, life could exist even at the poles. Remains of 
elephants, rhinoceroses, etc., had been found in the northern parts of 
Europe, Asia, and North America; later, these creatures withdrew 
toward the equator. 

ALEXANDER VON Humpoxpr thought that the once warmer climate 
was the result of heat released by the crystallization of beds of rock. 
(As a “Neptunist”, he considered at that time that even granite and 
other igneous rocks originated in water.) Later, in 1823, HumMBoLDT 
also related climate to vulcanicity (see Chapter 24). 

Joun PLayrair considered that erratic blocks were transported by 
glaciers. (Similar suggestions had already been made in the Swiss 
Alps toward the close of the eighteenth century). 

Swiss Natural Science Society’s competition on the greater extension 
of the Alpine glaciers. 

Fundamental lecture by the Swiss engineer Ienatz VENETZ on this 
topic (published 1833). Jens Esmarx came to similar conclusions 
about the Norwegian glaciers in 1824. 

W. Buckianp interpreted the Quaternary deposits as sediments of 
the Flood and, for them, he coined the term “‘Diluvium”’. 

The controversy regarding theories of the Ice Age appeared for the 
first time in literature in GoETHE’s novel Wilhelm Meisters Wander- 
jahre (Part 2, Chapter 10). This section was missing from the first 
edition of 1821. (See R. Phillipson’s study 1927.) 


1830-33 Caartes LyELu’s Principles of Geology appeared (fig. 1). Here and 


in later editions (12th edition 1875), there are numerous references 
to the climate of the past (warmer climate of the Tertiary Period, 
spreading of Mesozoic reef corals as far north as our latitudes, and of 
coal-forming plants even into the polar region). LyELL considered that 
the cause of climatic variation lay in the distribution of land, sea, and 
ocean currents, etc.—a very modern concept. In a letter to Mantell, 
he wrote, “I will give you a formula which will permit tree ferns to 


1832 


1837 


1840 
1841 
1842 


1844. 


1847 
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flourish at the poles, or, when it pleases me, spruce at the equator”. 
In maps, he showed how, by a different arrangement of the con- 
tinents, a very warm or extremely cold climate can originate cither 
at the equator, or in the polar area. LyELL explained erratic blocks 
as due to drifting ice floes. (The swan song of this “Drift Theory” was 
V.v. Scheffel’s humorous ditty of the “erratischen Block’, 1867—see 
quotation at the heginning of 
Chapter 5.) 

Professor RrmnwARD BERNUHARDI 
(School of Forestry, Dreissigacker 
near Meiningen) explained the 
erratics of North Germany by 
glacier transport. 

The German botanist K. F. 
SCHIMPER coined the term “Tsis- 
zeit” (Ice Age), in his ode to 
Galileo’s birthday. 

In the same year, IF. A. QuEN- 
STEDT gave his inaugural lecture 
on “Das Klima der Vorzcit’”’, and 
the French physicist and mathe- py. 1, cnantes Lvett (1797-1875) 
matician Porsson assumed that founder of the Principle of Uni- 
the earth had at times moved formitarianism; he explained paleo- 
through cold regions in space. climates on the basis of varying 
L. Acassiz, Neuchatel (Later Paleogeography. 

“‘Harvard’s most famous professor”), Etudes sur les glaciers. 

J. DE Cuarrentier, [Essai sur les glaciers. 

J. I. Apuémar (Paris) cited variations in the carth’s orbit as the 
cause of the Ice Age. (First discussion of this problem by Joun 
Werscner, 1830.) 

B. Corra (Freiberg in Saxony) regarded the striation on porphyries 
near Leipzig as due to the action of glaciers. In fact, he remarked that 
he “froze” at the thought, as such ideas usually encountered harsh 
criticism in north Germany because of the great influence of L. v. 
Bucn. The latter considered that the erratic blocks were transported 
by mud flows “Rollsteinfluten” (1815), and, in 1850, called the glacial 
theory “a strange aberration of the human mind” (in a letter to Carl 
Naumann—sce Geologie, 2, p. 114, 1853), Sarrortus v. WALTER- 
WAUSEN likewise spoke in 1846 of “the fairy tale of a so-called Ice Age”. 
¥. Roemer (later of Breslau) investigated the Cretaceous rocks of 
Texas, and recognized Cretaceous climatic belts and a Cretaccous 
Gulf Stream. 





1855-59 QO. Heer (Zurich) Flora tertiaria Helvetiae, with numerous funda- 


mental paleoclimatic conclusions (fig. 2). 


C.P.——2Z 
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1855 A. C. Ramsay (Quart. J. Geol. Soc.) considered (incorrectly) that the 
Permian sediments of England were glacial. 

1856 W. T. BLANrorp discovered the Upper Paleozoic moraines in India, 
and thereby initiated the investigation of pre-Quaternary Ice Ages. 

1863 Escuer v.p. Linra & E. Desor regarded a diluvial “Sahara Sea” as 
the cause of glaciation in the Northern Hemisphere. 





a 





Fic. 3. ALBRECHT PENCK (1858-1945) 
Investigator of the Tertiary flora and Eminent worker on Alpine glaciology. 
its climatic significance. (Reproduced (From Verh. III Internat. Quat. Congr., 
by kind permission of Geol. Inst. Vienna 1938.) 
Zurich.) 


1866-83 O. Heer Flora fossilis arctica, the first thorough investigation of 
the polar flora, and its paleoclimatic significance. 

1875 3rd November: Otro Torext (Stockholm) spoke to the Geological 
Society of Germany in Berlin on the glacial striae of Riidersdorf near 
Berlin, and finally established the notion that the Scandinavian Ice 
extended as far as North Germany. 

1875 James Cro. Climate and Time in their Geological Relations—a major 
extension of Adhémar’s hypothesis. 

1901-09 A. Pencr (fig. 3) & E. Bricxner Die Alpen im Eiszeitalter; a 
milestone in the history of investigation of the Ice Age, occasioned by 
a competition held by the Breslau section of the Deutsch—Osterrei- 
chischen Alpenvereins. The names Giinz, Mindel, Riss, and Wiirm, 
Glaciations were put forward. 

1906 A. PENCK coined the term “tillite” for an old moraine. 

1924 W. Kopren (fig. 4) and A. WEGENER (fig. 5) “Die Klimate der Vorzeit”; 
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foundation of the hypothesis of continental drift on a paleoclimatic 
basis; interpretation of Milankovitch’s (1920) radiation curves. 

1926 A. P. CoLeman (Toronto) ‘Ice Ages, recent and ancient”, a detailed 
summary of pre-Quaternary glaciations. 

1926 C. E. P. Brooxs “Climate through the Ages” (2nd Edition, 1949). 
Important summary of the meteorological aspects of paleoclimatology. 





Tic. 4. Vrapiaim Koprrn (1846-19-40) Fic. 5. ALrnep WEGENER (1880-1930) 


AT THE AGE OF 78 Celebrated for his research work in 

Famous climatologist; collaborator Greenland and founder of the theory of 

and father-in-law of A. Wegener. continental drift; produced with V. 

(Photograph kindly placed at my dis- Képpen, “Die Klimate der Vorzeit”’. 
posal by Prof. Kuhlbrodt, Hamburg.) (From Metcorol. Zeitschr. 1931.) 


1930 I. Kerner-MariLaun (Vienna) “Paliioklimatologie”’. Original and 
cautious theoretical approach. 

1950 Haroxrp C. Uney effected the first temperature determinations using 
the 018/01 method. 


The more recent developments in the investigation of the Quaternary 
Period have not been reviewed. In particular, there have been some out- 
standing synopses of the Quaternary Ice Age (Chapter 19), which still 
represents the most important starting point for all paleoclimatic studies. 
Its investigation has long been cultivated in particular scientific societies 
and journals. A “Geognostic Association” has existed in Litbeck for more 
than 100 years—as E. Boll records in his ““Geognosie der deutschen Ostsee- 
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lander zwischen Eider und Oder”, in 1846—which has attempted to establish 
“the native country of our boulders or rolled stones”, by geological investi- 
gations in the Baltic lands. The same work was continued on a wider scale 
by the “Gesellschaft fiir Geschiebeforschung”. Quaternary research workers 
are at present combined to form the International Quaternary Association 


(INQUA). 
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Fic. 6. TimE DisTRIBUTION OF THE MORE IMPORTANT GLACIAL THEORIES (AND 
SEVERAL OTHER CLimATIC HypoTHESES) 


Each dot represents a hypothesis. Notice the large number at the turn of the 
century. 


Throughout the history of paleoclimatology, there has never been a 
proper balance between observation and hypothesis. E. BRUCKNER aptly 
remarked in 1890 that there are “probably few fields in which speculation 
is so far in advance of established facts as it is in this’. The ten years 
around 1900 were endowed with an unusually high number of theories 
about the Ice Age (fig. 6). None of them has hitherto provided a plausible 
and valid explanation of climatic variation throughout the history of the 
earth. 

At the turn of the century, people were facing the problems of paleo- 
climates hopefully, but now we are again rather resigned to having to 
concern ourselves with basic research. This may be more prosaic but is 
more important than the erection of daring theories which, in words of 
the most literal significance, “float in the clouds’’. In further investigations 
of paleoclimates, we must try above all to find new climatic indicators, and 
to investigate, more closely, areas and periods whose paleoclimatology is 
hitherto known only superficially. Then the way will be paved for more 
exact syntheses than we can put forward at present. 


Further reading: ARLDT, 1922; EckHARDT, 1921; WorKoFF, 1895 


The Present Climate, 
and Its Significance 
for Paleoclimatology 


Here winter has so little significance, and Kew Gardens 
and Richmond Great Park are so studded with laurels 
and other evergreens, with so many birds singing and 
fluttering under them, that I am hardly aware that 
now, in Géttingen (almost in the same latitude), people 
are riding about in sleighs. 

G. C. LicuTENBERG, in a letter from London to 

Prof. Baldinger, dated 10th January 1775. 


GENERAL REMARKS 


The present climate of the earth is dependent upon a number of factors, 
among which the following are of particular significance: 


(a) Solar radiation, 

(b) The astronomical situation of the carth (orbit, inclination of the axis 
etc.), 

(c) The atmosphere, 

(d) The topography of the earth’s surface, and the distribution of land 
and sea. 


On the other hand, the internal heat of the earth has very little effect. 

In the course of the earth’s history, these factors have altered, sometimes 
fundamentally. It is, therefore, important to know how each of them 
influences our present climate. Hence we shall consider some of the essential 
facts of present-day climatology. 


Solar Radiation 


2 cal./cm?./min. of solar radiation are received at the upper limit of the 
atmosphere. This value, the solar constant, has varied only by a very small 
amount in the last decade. Before that, we have no exact data. 
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Inclination of the earth’s axis 


The inclination of the axis (obliquity of the ecliptic), amounts at present 
to 234°. It is responsible for the different seasons, and for the temperature 
drop between the equator and the poles. Table 1 shows how these would 
vary with change of the axial inclination. 


TABLE 1 
INCLINATION OF THE EARTH’S AXIS AND CLIMATE 











TEMPERATURE DIFFERENCE 
INCLINATION OF THE AXIS SEASONS BETWEEN POLE AND 
EQUATOR 
0° | Absent | Very great 
90° Maximum difference between | Minimum difference between pole 


summer and winter 








and equator 


Distribution of Land and Sea 


The very unequal distribution of land and sea exerts a considerable 
influence on temperature conditions throughout the world. 

Land masses intensify the extremes of climate (continental climate); 
thus in Asia and North America, the isotherms bend far to the south in 
winter (fig. 7), far to the north in July. In northern Asia, the extreme mean 
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Fic. 7, Map oF THE JANUARY IsOTHERMS (after V. Gorczynski, from Conrad, 1936) 
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monthly temperatures differ by more than 60° C (fig. 8). The greatest diurnal 
temperature variation also occurs in deserts in the hearts of continents (up 
to about 50° C). The highest and lowest recorded temperatures are: 


Over 50° C (Death Valley, California). 
Minus 71° C (Oimekon, northeast Siberia). 
Minus 88° C (Russian station Vostok, Antarctica). 


Temperature varies greatly in mountain areas. The mean temperature 
decreases by 0-5-0:6° C for every 100 m. increase in height. 
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Fic. 8. Mean ANNUAL RANGE OF TEMPERATURE (after V. Gorczynski, from Conrad, 1936) 





Oceans, on the other hand, reduce temperature variation (maritire 
climate). The difference between summer and winter temperatures in 
equatorial oceans is only 24° C. The variation remains less than 5° C over 
three-quarters of the surface of the oceans. Only in smaller enclosed seas, 
can the variation be considerable (up to 17° C in the Baltic, up to 27° C 
in the inner part of the Yellow Sea). The Persian Gulf and the Red Sea are 
the warmest marine areas. There the summer temperature reaches 36° C. 
Over 35% of the oceans’ surface, the temperature never drops below 25° C. 
In the ocean deeps, on the other hand, the prevailing temperature remains 
exceedingly uniform between 0°C and 2°C (the land-locked seas are 
exceptional; e.g. the Mediterranean has a temperature of 13° C at depths 
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of up to 4000 m.). Ocean currents also regulate temperatures in seas and 
adjacent continents (see p. 14). 

The difference between maritime and continental climates becomes clear 
when one compares localities at the same latitude but at different distances 
from the ocean (Table 2). 


TABLE 2 


COMPARISON OF TEMPERATURES AT DIFFERENT 
LOCALITIES IN EURASIA, AT LAT. 52°N (°C) 





VALENTIA | MUNSTER | waprsaw | ORENBURG*! rexursK | NORTCHINSK 


(IRELAND) |(GERMANY) (URAL) 

Longitude 10°wW 8° 21°E 55° 105°E 117°E 
January 

Temperature 13 1:3 —4:3 —15:3 — 20:8 —33-6 
July 

Temperature 15-1 17:3 18-7 21-6 18-4 18-2 
Annual 

Variation 7:8 16-0 23-0 36-9 39-2 51:8 


*(Chaklov) 


Likewise, the mean temperatures at a given latitude, and their annual 
range, are quite different in the northern and southern hemispheres because 
of the preponderance of land in the northern hemisphere, and the high 
proportion of oceans in the southern (Table 3). The distribution of land and 


TABLE 3 


MEAN TEMPERATURE AT DIFFERENT LATITUDES (°C) 
(AFTER MEINARDUS) 








LATITUDE GULY INS) GAN 4 s) | ANNUAL MEAN | y Seta 
60°N 461 14-1 ea so ae 
30°N 145 27-3 ne i iar | 

0° 26-4 25-6 26-2 0-8 
30°S 14-7 oo) dee 1) ee 
cos | -~03 | a2 | a | aos 





sea must therefore have a greater influence on temperature distribution 
than any astronomical factors, because the latter are almost identical in 
both hemispheres. 
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Wind 
Pressure distribution—hence wind direction—is largely under “planetary” 


control (i.e. particularly dependent on the earth’s rotation; fig. 9), but is 
also affected by the distribution of land and sea. 
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Fic. 9, DIAGRAM OF THE PRESSURE BELTS oF A HomocENEOUS GLOBE (after Kendrew, 1957) 


In the equatorial zone, low pressures result from ascending air currents; 
the winds often fail (calms, doldrums, etc.). At greater altitude, poleward 
moving air deflected by the earth’s rotation forms the antitrades. 

In the horse latitudes (between 20° and 30°) descending air streams cause 
high-pressure areas (Azores High etc.). Winds blowing from here toward 
the equator produce the trade winds (N.E. in the northern hemisphere; 
S.E. in the southern). 

In temperate latitudes, there is a fluctuation between eastward-drifting 
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high- and low-pressure areas (anticyclones and depressions). This pressure 
variation causes frequent changes in the speed and direction of the wind, 
though westerlies prevail. Over the continents, stable low-pressure areas 
tend to form in summer, anticyclones in winter. 

Monsoons are seasonally variable winds within the sphere of influence 
of continental land masses. They originate because the equatorial low-pres- 
sure belt moves poleward in summer. In India, for example, the summer 
monsoons are the rain-laden southwesterlies; the drier winter monsoons 
blow from the northeast (fig. 10). 


WINTER SUMMER 





20° 


Fic, 10. WinTer Anp Summer Monsoons 1n Inp1A. 00 = Doxtprums (From Dierckes Alas) 


Ocean Currents 


The major wind systems give rise to ocean currents flowing in the same 
direction (fig. 11). Warm or cold currents are produced depending on 
whether the water flows from the equator or from the poles. Cold currents 
also develop where currents of polar water (which covers all of the ocean 
floor) rise from the depths. 

The more important warm currents are the Gulf Stream in the North 
Atlantic, the Kuro-Schio in the North Pacific, the Brazil Current off the coast 
of that country, and the Agulhas Current off southeast Africa. The Gulf 
Stream is unusually warm because, thanks to the configuration of the coast 
line of Brazil, it is also fed by part of the South Equatorial Current. 

The major cold currents are the Labrador Current off the east coast of 
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The influence of currents on temperature is often very considerable (fig. 
12); this shows up most clearly along the course of the Gulf Stream. On the 
Norwegian coast, the January temperature is about 25° C warmer than it 


should be at that latitude. 


Canada, the Californian Current off the west coast of North Ame 
the southeast Atlant 


Humboldt (Peru) Current 


in 
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In high latitudes, the eastern sectors of oceans, i.e. the western coasts of 
continents are favored; in lower latitudes the reverse is true (Table 4). 


TABLE 4 


INFLUENCE OF OCEAN CURRENTS ON ANNUAL MEAN 
TEMPERATURE (°C) 





LATITUDE WEST COAST EAST COAST WEST COAST 
57°N “a = Nain, Labrador:— 6:8 Aberdeen, Scotland: 8-2 
AION — New York 10-6 Naples: 16-5 

22-23°S Antofagasta: 17-2 Rio de Janeiro: 23:2 — 
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Fic, 12. INFLUENCE OF CURRENTS ON THE TEMPERATURE OF THE OCEANS 


The differences shown are those between the surface temperature and the normal 
temperature of a water-covered globe (in °C). Unshaded = normal; dotted == above normal; 
shaded = below normal. (From G. Dietrich, 1957.) 
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Distribution of Rain and Snow 


Rainfall distribution depends on a number of factors. 

The planetary wind systems.—The equatorial zone with its ascending, and 
thus cooling, air masses has an abundant rainfall; the horse latitudes, w ith de- 
scending currents, are rain deficient, and the w orld’s desert belts form there. 

Distribution of land and sea.—Coasts with a prevailing onshore wind have 
a heavy rainfall, but the further one goes into the heart of the continent. the 
less becomes the precipitation, and so the greater becomes the proportion 
of deserts (fig. 11). 

In the west-wind belt, the west coasts of the continents have most rain; 
where the trade winds blow, the east coasts are wetter. Those monsoon 
winds that blow from the sea bring rain, e.g. the summer monsoon in India; 
but when they blow from the continent, they are dry. 

Ocean currents.—Ascending cold currents create aridity. For this reason 
deserts have formed on the west coasts of North Africa, South West Africa, 
Peru, and southern California. 

Mountains.—In so far as they force the clouds to rise, and thereby create 
cooling and condensation, mountains function as rain traps; the windward 
sides receive abundant rainfall, the lee sides are rainfall deficient (Table 5). 





TABLE 5 
ANNUAL MEAN RAINFALL ON KAUAI ISLAND, HAWAII 
Mount Waialeale | Windward (N.E. trades) 480 inches. 
Waiawa | Lee (N.E, trades) 260 inches. 


Combined Effects of Rainfall and Temperature 

Weathering, plant growth etc., depend not so much on the absolute 
amount of rainfall as on the relationship between rainfall and temperature: 
temperature decides whether areas with a low rainfall are arid or humid 
(Table 6). Attempts have been made to represent this mutual relationship 
by means of a rain factor (R. Lang). 


TABLE 6 


IMPORTANCE OF TEMPERATURE IN DETERMINING 
EFFECT OF RAINFALL 





ANNUAL RAINFALL | ANNUAL MEAN CLIMATIC TYPES 





TAteTEY | (inches) | TEMPERATURE | 
nee aE | 
Suakin (Red Sea) Suakin RedSes) | 87 i 28°C | Desert 
Jakobsh. : 
Gicedland | 8-7 —6°C | Continental glaciated 





annual rainfall in mm. 


Rain factor = ————_—_______—_—_z: 
mean annual temperature in °C 


18 Climates of the Past 


This, however, does not take into account the fact that the seasonal dis- 
tribution of rainfall also plays a major role. 


Meridional and Zonal Circulation 


At present, the general atmospheric circulation, particularly in the 
northern hemisphere, shows sometimes meridional, sometimes zonal ten- 
dencies. The West Wind Drift is favored by zonal circulation but weakened 
by meridional circulation. High-level cyclones of cold polar air extend far 
toward the equator, and are compensated by a drift of warm tropical air 
toward the poles (Comprehensive review by Flohn). 

Further reading: Auissov, 1954; Atissov, Drospov & Rusiystemn, 1956; Conran, 1936; 


Drernicn, 1957; Freminc, 1957; Gentinui, 1958; Hann & Kwnocu, 1932; Kenprew, 
1957; Koppen, 1931; Minter & Stommrez, 1958; VisHer, 1924, 1945; Lams, 1961. 


The Reconstruction 
of 
Paleoclimates 


To those men the marks were what cigarette ash was to 
Sherlock Holmes in reconstructing a crime and finding 
the criminal, the sureness of deduction rivaling that of 
Holmes himself. 

R. A. Day, The Changing World of the Ice Age, 1934. 


PALEOCLIMATOLOGY AND NEOCLIMATOLOGY 


The aim of the paleoclimatologist is in many respects similar to that of 
the climatologist studying modern climates. He would attempt to recon- 
struct the climatic picture of a definite epoch in the earth’s history and, at 
the same time, try to explain that picture in terms of the geography of the 
time. One difference is that the paleoclimatologist must reckon, not only 
with a variable geography, but also with the possibility that solar radiation 
and other factors may have altered. The main dissimilarity, however, lies 
in the methods employed. Thermometer and barometer do not exist for the 
paleoclimatologist; he must acquire all his meteorological and climatic data 
in an indirect, roundabout fashion. He has available three main sources of 
information. 

Climatic indicators, i.e. geological phenomena which are partly dependent 
on climate (weathering, fossils, etc.). These may be compared with present- 
day phenomena, and from modern climatic conditions those of the past may 
be deduced. 

Mathematical considerations. 

Physical methods with the aid of oxygen isotopes, ete. 

Of the above methods, mathematical techniques are the most uncertain; 
they have virtually only theoretical and historical significance. Physical 
methods include the most modern techniques, which may also, in theory, 
be the most exact. However, there are considerable limits to their applica- 
tion. Climatic indicators have by far the greatest significance; hence much 
more space is intentionally devoted to them. 
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Uncertainty of Climatic Indicators 


There are many climatic indicators and imaginative geologists are always 
finding new ones. Unfortunately, however, most of them are extraordinarily 
indefinite. In this respect they resemble legal evidence, and F. Kerner- 
Marilaun once said with some justification of climatic evidence that, ‘“‘There 
is no doubt that an examining magistrate would consider such a body of 
evidence quite insufficient to elucidate a very intricate case.” 

The causes of this uncertainty are as follows: 

(a) Many fossils have been only very approximately evaluated, and many 
have been misinterpreted altogether. This applies in great measure to the 
leaves of plants, to which group, at least in the Tertiary and Quaternary 
Periods, the most common and most climatically comparable fossils belong. 
For example, the otherwise reliable O. Heer describes fossil palm leaves from 
Greenland, which in reality are groups of parallel-veined leaves of quite 
different origin. One is even an inorganic structure. 

(b) Fossilization is selective, and the original floral or faunal assemblage 
may sometimes have been quite different. False conclusions are thereby 
drawn—e.g. in fallen trees the wood is overrepresented and thin leaves are 
less easily preserved than thick ones. 

(c) Fossils (e.g. pollen) may be derived. Unless this is realized they indicate 
climatic conditions which in fact belong to an earlier Period. 

(d) The climatic requirements of a plant or an animal may vary in the 
course of time. Extinct species may have been adapted to a climate quite 
different from that in which their modern counterparts live. The classic 
example is the Mammoth. Since it was, at first, regarded as a warmth-loving 
animal like the present-day elephant, warm climates were proposed for 
Siberia in “Mammoth times”. Nowadays, by contrast, we regard Mammoth 
as an important indicator of a very cold climate. . 

(e) Completely different geological processes can result in the same rock 
type. An example of this is afforded by unbedded, unsorted boulder beds. 
These may represent moraines (i.e. may have been caused by glaciers), but 
they can also be scree deposits, slumped masses, or other rocks not dependent 
on climate. Many “glaciations’”’ are based on such false “moraines”. 

(f) In the same way, different causes can produce the same effect in 
organisms. While a meagre coral fauna may be the result of too low a 
temperature, it can also be brought about by other nonclimatic factors, 
such as too low a salinity. 

(g) Under certain conditions, a climatic indicator may only denote 
meteorological conditions over a short period of time. These need not 
necessarily correspond with mean conditions, i.e. with climate. This applies, 
for example, to many statements about wind direction. When trees are 
uprooted by a tornado, they may be preserved in this position throughout 
geological time and so the wind direction may be definitely established. It 
need not, however, correspond to the prevailing wind direction of the area. 
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CLASSIFICATION OF CLIMATIC EVIDENCE 


In the following chapters, the arrangement of climatic evidence is based 
on what it shows (temperature, rainfall etc.), irrespective of its geological 
character, to provide a meteorological classification. It is also possible to 
draw up a geological classification on the following lines: 

Biological evidence of climate.—1. Fossils having a close systematic 
relationship with modern species. Most common in the recent past, e.g. 
reindeer and musk ox in the Quaternary, palms in the Tertiary, pollen 
analysis. 

2. Fossils having particular ecological or physiological peculiarities (e.g. 
size and coloring of organisms, drip-points on leaves, reef formation, 
annual rings). 

Lithogenetic evidence of climate. 
silicification). 

2. Mineralogy and petrology of sediments (limestone, salt deposits, 
moraines). 

3. Particular sedimentation phenomena (bedding, ripple marks, distribu- 
tion of loess). 

Morphological evidence of climate.—Inselbergs, river terraces, corries, 
eskers, ete. 





1. Weathering processes (laterite, 


Further reading: ARLDT, 1922; CorBert, 1953; Croup, 1959; DEEVEY, 1953; DUNBAR & 
Rocers, 1957; JoLEaup, 1939; Krumpein & Stross, 1951; Kusrena, 1953; Louis, 1960; 
Markov, 1960; Naren, 1961; Petriyoun, 1949; Ropinson, 1949; Rucnin, 1958; 
SHOKALSKAYA, 1953; TWENHOFEL, 1926; J. WALTHER, 1894. 
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Evidence 
of 
Hot Climates 


It is unlikely that the bones of antediluvian beasts could 
have been drifted into our northern latitudes from 
tropic lands. They were all indigenous, though the 
conditions which gave rise to tropical vegetation and 
faunas here are yet quite unknown, yet shrouded in 
darkness. 

C. G. Harraann, Archiv fiir die neuesten 
Entdeckungen der Urwelt, 1820. 


RED WEATHERING PRODUCTS AND SOILS 


In warm areas, the course of weathering varies greatly, depending on 
whether the climate is wet or dry. The corresponding weathering products, 
therefore, often bear witness to several of the distinctive characteristics of 


the climate. 


Red coloration of sediments is a case in point. It is absent from areas of 


TABLE 7 


SOILS FORMED FROM SILICATE ROCKS IN DIFFERENT 


LATITUDES (AFTER KUBIENA) 





CLIMATIC 
ZONE 


Arctic zone 


Temperate zone 


Subtropic zone 


Tropical zone 











VEGETATION SOIL TYPE 
Cold wastes, vegetation very scarce Unweathered soil 
Woodless tundra Tundra type 
Cool temperate, coniferous forest Primary iron podsol 


Central European deciduous woodland | Central European brown earth 
Mediterranean xerophytic woodland | Meridional brown earth 











Subtropical rain forest Subtropical brown loam 
Subtropical savanna Subtropical red loam 

roam e Peake Sen oe ee ec ere Se 
Tropical savanna Tropical red loam (tendency for forma- 


tion of Jaterite and red earth) 
Tropical brown loam (tendency for 
formation of laterite) 


Tropical rain forest 


a nn es 
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excessive rainfall where brown iron hydroxides form instead or where, 

specially in cold climates, the presence of humic acids leads to leaching of 
the iron with consequent formation of podsols (Table 7). On the other hand, 
contrary to widely held belief, red beds are characteristic not of desert areas 
but rather of regions where the climate is hot and the rainfall seasonal. 
Krynine considers that red coloration denotes a mean annual temperature 
in excess of 16° C, and a rainfall of over 40 inches in areas of silicate rocks, 
or over 25 inches where carbonates are stained. These conditions are found 
as far from the equator as in parts of the Mediterranean area but are most 





oO 100% 
= o 
o£ A\Fe-rich ZONE 
ind 
BG 3 EARTHY ZONE 
ae S (BAUXITE) 
po IN GRANULAR ZONE 
G1 PFNSIO2D REY Jouay ZONE 
a REAV©AQaany FRESH ROCK 
= im 


Fic. 13. Caeaican Coxposrrion oF 4 Larertre PROFILE ix TASMANTA 

Downward increase in silica and decrease in alumina and iron oxide. Source rock; dolerite 
(after Owen, 1954). 
extensively developed in the tropical savannas, the region of greatest 
development of laterites. Laterite is derived from the Latin, later=brick, 
because the deposits, when air dried, were used for building purposes. Their 
chemical composition is compared with that of other soils in Table 8 and 
fig. 13, which show that there is enrichment of A1,0,, and Fe,O, and a loss 
of Si0,. The weathering, by Harrassowitz’s definition is “alitic’” (i.e. a high 
proportion of aluminum results), and not “sialitic” (high concentration of 
silica and of aluminum). Such aluminum hydrates as hydrargillite and 
diaspore are formed. Only in the deeper parts of tropical soil profiles are the 





QRH Bauxite -ferrite cover Kaolin in situ 
(Aj Colluvial bauxite-ferrite [*,*] Solid rock 


Fic. 14. Larenrre Prorine rx THE Mountanss OF Surrax, SoutH AMERICA 


Note vertical passage from unweathered rock to kaolin and bauxite (after van Kersen, 
1956). 


silicate clay minerals, e.g. kaolin, developed (fig. 14). The cause of the leach- 
ing of silica is to be found in the absence of the humic acids, which would fix 
the colloidal SiO,, because, in these areas, humus decomposes too quickly. 
Redeposition of silica often takes the form of silicification. 
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TABLE 8 
CHEMICAL COMPOSITION OF SOILS (AFTER BRINKMANN) 
| BASALT BROWN 
SOURCE EARTH | RED EARTH | RED LOAM | LATERITE 
ROCK ENGLAND | PALESTINE | E. AFRICA INDIA 

so, | 49 | 4a | 42 36 0206 | OT 
Alo, | is | 185 13-4 26:5 ae ae 
Fay, | - oa ae | ee 38 0 | kh 
H,0 2 72 | 13-3 17-5 54 


Lateritic weathering often extends down to considerable depths (up to 
50 m.); on the whole, hot, humid regions bear a very thick mantle of 
weathering products and the rate of chemical alteration is high. 

Laterites are particularly widely developed throughout the savanna belts 
of India, Africa (fig. 15), Australia (fig. 16), and South America. There is 


considerable dispute as _ to 
TERY 
mms 4 





whether they are fossil soils. 
H. Erhart holds that the prim- 
(A -] Yee 
TERS 
\ 


ary lateritic soils developed in 
BY 





10 20 30 40 50 


Fic. 15. DisrriputTion oF LATERITE IN AFRICA 
(after Prescott and Pendleton, from Mohr and 
van Baren, 1954) 


tropical rain forests that were 
later converted into savanna 
by destruction of the trees. This 
drastic process he called bior- 
hexistasis. Others consider that 
lateritization is related to a 
cycle of arid and semiarid 
climates. (W. Briickner). It can 
probably be assumed that 
laterites originated, in most 
cases, between the tropical 
rain forests and the savanna 
lands. 

Red loams are typical of 
subtropical savannas, while 
brown loams originate in the 
rain forests, and brown earths 
in temperate woodlands. 


Fossil red beds are widely distributed and individual formations are 


named on this basis (Old Red, Rotliegendes, Buntsandstein, etc.). It is 
possible that the red coloration is secondary, and that lateritic weathering 
prevailed not in the area where the beds are now found, but in an adjacent 
region whence the superficial red soils were swept into the basin of sedimen- 


Evidence of Hot Climates 25 


tation (Dunham, v. Houten, Krynine). This, however, is too slight a dif- 
ference to matter greatly in paleoclimatology. Bauxite, a very important 
ore of aluminum, may be regarded as a fossil laterite. The name is derived 
from Les Baux, in Provence. Silicate- and calc-bauxites can be distinguished, 
though naturally the latter are derived at least partly from silicate rocks. 
Most European examples are to be found in the Cretaceous System (de 
Weisse, Valeton), while those 
of Arkansas belong to the 
Lower Tertiary (Gordon). 
Similar weathering products, a noe 15 
mostly of slightly younger age, | YY ACN IN 
are the pea- or bean-sized con- 
cretions of limonite (Bohnerze) 
that have accumulated in the 
Swiss and Swabian Jura. In 
some sections, it can be seen 
that the red beds occupy 
pockets in the substratum and 





have been covered by younger ~ 
sediments (fig. 97). A famous HO’ US 120 125 130 135 140 45 150 155 E 
example of lateritic weathering Fy¢, 16. Distrpution or LaTERITE IN AUS- 
may be observed between the TRALIA (after Prescott and Pendleton, ibid.) 


Tertiary basalt flows of the 
Giant’s Causeway in Northern Ireland. Here the laterite zone is as much 
as 30 m. thick (Eyles, 1952). 

Kaolin is developed in the deeper parts of the laterite profile (v. Kersen). 
It still remains to be seen whether all kaolin originates from lateritic 
weathering, but it does at least seem to be indicative of a fairly hot, wet 
climate. : 


Further reading: MoHR & v. BAREN, 1954. 


CAVE DEPOSITS 


G. M. Moore (1956) made some notable observations in caves in North 
America. He found that there, lime is depositing either as aragonite or as 
calcite, depending on whether the cave is located south or north of the 
156° C isotherm (aragonite forming in the warmer areas). Near to the 
boundary, aragonite is often present under a surface layer of calcite. This, 
Moore has explained by assuming that the mean annual temperature was 
once 8° C higher than it is now. It is improbable that such a rise in tem- 
perature could be equated with the postglacial Climatic Optimum, since it 
has been shown that the increase at that time was much less. Research in 
the Rhineland (Holz, 1960), indicates that the chemistry of the cave rocks 
is an important factor and that aragonite will form on dolomite at tem- 
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peratures well below 15-6° C. This had already been known to occur in caves 
in the eastern Alps. —=—— 
bagi C KR 
MARINE ORGANISMS AND LIMESTONE DEPOSITION 
Solution and deposition of calcite are largely dependent on the CO, 
content of water. At low temperatures, water contains more dissolved CO, 
and, therefore, can also carry more CaCO, in solution. Hence most thick, 
extensive deposits of limestone develop in the shallower parts of warm seas. 
There, the smallest mineral grains are constantly being stirred up, and may 
serve as nuclei of crystallization for the calcite with which the water is 
supersaturated. Sedimentation of calcareous muds, oolites, etc. may result. 
On the other hand, in the polar regions, in areas swept by cold currents, and 
in the great ocean deeps, calcite tends to be dissolved; the sediments of these 
areas tend to be lime-deficient, or lime-free. This does not prevent calcareous 


TABLE 9 (0 Lo/ 


WATER TEMPERATURE AND LIME CONTENT OF 
MARINE CLAYS (AFTER GRIPP) 


TEMPERATURE IN °C LIME CONTENT OF MUDS 


——— IN % 
FEBRUARY | SUMMER 
Baltic and North Sea 2-6 14-17 0-15 
Western Mediterranean: 
North coast 9-11 20-22 25-28 
South coast (Libya) 16-2 24 Greater than 90 
Red Sea 18-8-25-5 25-31 | Greater than 90 





muds with Globigerinids, etc.,from depositing at many localities in the deeper 
parts of the ocean, but their calcite content is low. Table 9 and fig. 17 
clearly show how lime content is dependent on temperature. Wiseman 
has demonstrated that the curves showing CaCO, content and paleotempera- 
ture of a deep-sea core follow parallel courses (fig. 18). Yalkovski, however. 
has pointed out that there are cases in which this relationship is not so clear. 

We must assume then that the thick limestone formations of our mountain 
ranges also formed in warm seas. In western Europe these are present in the 
Lower Cambrian of the Sudetenland, the Middle Devonian of the Rhineland, 
the Carboniferous Limestone of Belgium and England, the Alpine Trias, 
the Muschelkalk, and the Middle and Upper Jurassic. They are composed, 
in part, of reef limestones, which we shall discuss later. 

Bradshaw has shown by experiments on Recent forams that the forma- 
tion of marine organic limestones is also clearly dependent on temperature. 
Streblus beccarii var. tepida develops at 20° C only a quarter as fast as it 
does at 25-30° C. The rate of formation of calcareous tests is correspondingly 
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lower. Moreover, the rock-forming larger foraminifera—Fusulinids and 
Schwagerinids in the Permo-Carboniferous, Nummulites, etc., in the Older 
Tertiary—are regarded as having been the inhabitants of the warmer parts 
of the oceans. Raup’s work on the sea urchin Dendraster has shown, however, 
that the relation between growth and temperature is sometimes rather 
complicated. 

We still cannot say to what extent the magnesium and strontium content 
of calcareous shells indicates the temperature of the sea water in which they 
formed; other factors involved, e.g. salinity, make interpretation compli- 


cated. Research by Pilkey and Hower (1960) has revealed that with in- 





Fic. 17. RELATIONSHIP BETWEEN CaCO,-CONTENT AND DEPTH IN 
ABYSSAL SEDIIENTS 


Pacific, after Revelle, Atlantic (after Pia; from Dietrich, 1957). 


creasing temperature, there is an apparent increase in magnesium content 
and a decrease in the Sr/Mg ratio of Recent Dendraster tests. 

It is worth pointing out though, that there is also an upper limit to the 
temperature that any organism can tolerate, which in the case of the previ- 
ously mentioned foram is about 30-35° C. The optimum temperature for 
modern reef corals lies in the range 25-30° C. 

The inhabitants of well-lit tropical seas are often notably gaily colored. 
It is true that the color patterning of the shell is rarely retained in fossils— 
Schwarzbach (1942) records just over 150 pre-Tertiary examples—but never- 
theless a third of all known occurrences belong to the marine beds of the 
Upper Carboniferous of North America and Europe; areas which on other 
grounds are assumed to have enjoyed a hot climate. 


The Cypraeidae (Schilder), Lingula (Schwarzbach, 1942) and Nautilus 
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(Durham, 1950) may all be mentioned as specific examples of modern 
warmth-loving marine organisms which probably denote similar conditions 
where they are found as fossils. 

From the beginning of the Tertiary Period onward, when modern genera 
become abundant, it is possible to make certain climatic deductions from the 
nature of the fish faunas. This is clearly demonstrated by Weiler’s work on 
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Core about 35 cm. long, from the equatorial Atlantic. a = 018/016 temperature calculated 
from Globigerinoides sacculifera; b = CO. content (%); ¢ = the rate of accumulation of 
CaCO, (after Wiseman, 1959). 


Tertiary otoliths in West Germany; there the proportion of tropical genera 
decreases constantly from the Lower Oligocene to the Upper Miocene 
(fig. 99). Nevertheless, the discovery of the catfish, Heterobranchus in the 
Vienna Basin indicates that the Pliocene climate in Central Europe was still 
warmer than today’s; Heterobranchus is now confined to the tropical areas 
of Africa and Asia (Thenius). 


Further reading: -CArtLEux, 1950; Gunrer, 1957; Revente & FAarIrRBRIDGE, 1957; 
Rovcers, 1957; WIELAND, 1942. 


REEF FORMATION 


Because of their great significance, a separate section must be devoted to 
reefs, which in the past have been built not only by corals, but also by 
archaeocyathids, sponges, bryozoa, thick-shelled pelecypods (rudistids), and 
calcareous algae. Coral reefs are, however, most important, at least at the 
present time. Fossil reef deposits are described as bioherms (Cumings 


& Shrock, 1928; Cumings, 1932). 
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Modern reef corals generally inhabit warm seas, though Teichert has again 
recently pointed out that coral banks extend quite far toward the poles. 
They are to be found off the coast of Japan (lat. 35° N) where the sea 
temperature in February is only 12°C (Yabe & Sugiyamo), off Western 
Australia, as far south as lat. 32° S (Fairbridge) and off the shores of Norway 
(69° N) in depths of 350-500 m. (Broch). These isolated occurrences cannot, 
however, be compared with the really thick reefs of the tropics. Most reef 
corals require a minimum temperature of at least 21° C (as well as clear 
aerated shallow water of normal salinity and depths of not more than 
20-50 m.). Therefore true coral reefs are confined to the littoral zone between 
latitudes 30° N and 30° S (fig. 19) [for a more accurate map see J. W. Wells, 
1957]. 





Fic. 19. PRESENT DISTRIBUTION OF RockK-Forsinc Corats (MADREPORIA) 


Dotted = abundant development of coral reefs; thick line = poleward limit of reefs 
(corresponding to a mean annual surface temperature of 25.5° C; *= individual coral banks 
....= limit of solitary Madreporia (also limit of sea anemones) (after Pax, 1925), The 
influence of cold currents can be seen e.g. in Eastern Atlantic. 


Fossil reef limestones are often distinguished by the fact that they are 
massive and give rise to squat hill masses. Their organic remains are often 
largely destroyed as a result of such diagenetic processes as dolomitization. 
Well-known and intensely studied examples include the Silurian reefs of 
Gothland (Hadding et al.) and North America (Lowenstam), the Middle 
Devonian reefs of the Rhenish Schiefergebirge (Jux) and the Ardennes 
(Lecompte), the Capitan reef of the Guadeloupe Mountains (Newell et al.), 
and the Triassic reefs of the South Tyrol Dolomites (fundamental research 
by F. v. Richthofen and Mojsisovicz more than 100 years ago). Jurassic reef 
limestones are shown in fig. 94. Fossil atolls are also known (fig. 20). 

Whether or not we may ascribe the same climatological requirements to 
those reefs as to modern reef corals cannot be determined—at least not for 
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pre-Tertiary forms—on the grounds of their natural affinities. We may 
undoubtedly assume for other reasons, especially because of the considerable 
lime formation, that the extensive reefs of earlier periods are indicative of 
relatively warm water conditions. This is in complete agreement with other 
paleoclimatic evidence for, with the progressive cooling of the climate since 
the Mesozoic and early Tertiary, as revealed by plants, etc., there has been 
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Reconstructed from borehole data (after Stafford, 1959). 
Present Bikini Atoll on same scale for comparison. 


a gradual southward withdrawal of reef corals from Europe, North America, 
and Asia. In Paleozoic times, reefs flourished as far north as the present 
polar region; in the Mesozoic, they reached as far as 54° N in Europe, in the 
Oligocene, 513° N, in the Miocene, they no longer extended beyond 50° N, 
and now their poleward limit is 32° N (see figs. 122, 123). 

At present, as in the past, the number of species of reef dwellers varies 
zonally as indicated in Table 10. Because of the incomplete nature of our 
knowledge of numbers of species in fossil reefs, we cannot be too exact about 
their regional variation, but comparison with present conditions is very 
instructive. 

According to Gerth, the Older Tertiary coral fauna of the Mediterranean 
area comprised some 62 genera, compared with 26 in the present eastern 
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TABLE 10 


RELATIONSHIP BETWEEN NUMBER OF SPECIES AND 
TEMPERATURE IN MODERN AND FOSSIL REEFS 






























VERY HOT] NO. OF | LESS WARM] NO. OF | AUTHOR 
AREAS | SPECIES | AREAS | SPECIES 

a | Sy _—— as 

Madreporites in modern reefs | Torres Str. 63 Bahamas 35 Pax, 1925, in 
Moluccas 70 Bermudas 10 Kikenthal’s 
Red Sea 71 Hdb. of Zool. 
Philippines 180 t 

ce Se Oe a $ 

No. of speciesin Jurassicreefs, | Lat. 49°N 50-5°N 17 Arkell, 1935 

in Europe | Lat. 47°N 54-5°N 6 








and western Atlantic. This indication of very warm Older Tertiary seas 
agrees completely with other climatic evidence. 

The growth of individual corals too is controlled by climate, though it 
also depends to a considerable degree on other factors. The amount of 
annual growth of rock-forming corals is revealed by their rejuvenescence 
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Cyathophy lun OF Devonian), Reer Corat Favia speciosa (after Ma, 1934), 


Eifel. Approximately natural 


size, 


which gives rise to a structure like annual rings (fig. 21). Ma has represented 
diagramatically the results of his work on the modern Favia speciosa (fig. 
22); he has applied the same technique to fossils, but, since we can never be 
sure that the same species are being compared, and since nonclimatic factors 
cannot be eliminated, this method, interesting as it is, rests on very insecure 
foundations. : 


Further reading: STUBBLEFIELD, 1960. 
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LAND ANIMALS 


The mammals are adaptable. Mammoth and woolly rhinoceros, now with 
tropical affinities, once dwelt in the cold steppes of the Ice Age. Mammals 
are therefore of little use for paleoclimatic comparisons, because fossil 
species do not necessarily denote the same environment as their modern 
equivalents unless they are identical with them (e.g. musk ox). 

Bergmann discovered in 1847 that, in general, the size of mammals tends 
to increase toward the poles. Rensch has suggested that the gradual increase 
in size of Tertiary mammals may be explained on the basis of this “Berg- 
mann’s Rule”, as there was a gradual climatic deterioration during this era. 
Contrariwise, general evolutionary tendencies may have played a greater 
part than climate in this size increase. This is probably also true of the 
decreasing maximum size of insects. Handlirsch obtained the following mean 
values for the span of the anterior wings. 


Recent — Central Europe or 7mm 
Recent — Tropics we ae 16mm 
Upper Jurassic (Malm). . - 20 mm 
Lower Jurassic (Lias) .. oF li mm 
Triassic... i a 14mm 
Permian .. fe ats oe 17 mm 
Late Pennsylvanian ss ee 20 mm 
Early Pennsylvanian .. = 51 mm 


The unusually large size of the present tropical insects compared with those 
of temperate latitudes, indicates that climate, as well as evolution, does 
help to determine size, and may have done so in the Carboniferous and the 
Malm, though the tremendous size of some of the Carboniferous insects can 
hardly have been due entirely to climatic factors. 

Cold-blooded land animals are of great climatological importance. For 
them, life under polar conditions would have been very difficult, and for the 
larger representatives, e.g. Reptiles, even the temperate zone was an unsuit- 
able habitat, because they could not avoid the cold of winter by burrowing. 
According to Rensch, cold-blooded animals attain their maximum size 
where the environment is most favorable to them, i.e. in hot humid climates. 
For this reason, the largest beetles, locusts, myriapods, spiders, etc., are 
to be found in the tropics and subtropics. The same relation between size 
of insects and temperature has already been discussed. For individual 
species of reptiles, the mean size clearly increases toward the equator; 
and so does the number of species. According to Hesse, there are 64 species 
in Europe, 221 in Indochina and Siam, and 536 in India, Burma, and 
Ceylon. Over 140 species of snakes have been recorded in the Mediter- 
ranean area, but only 2 as far north as Leningrad; there are 12 species in 
Germany, 122 in the much smaller area of Java. Only very occasionally, as 
with the New Zealand tuatara (Sphenodon, Mertens) may reptiles be rela- 
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tively tolerant in their temperature requirements. We must also bear in 
mind that some reptiles, e.g. the flying reptiles, may have been warm- 
blooded (Broili, Schuh). On the whole, however, the large reptiles of the 
past, such as the giant Jurassic and Cretaceous saurians, are indicative of 
warm climates (Schuchert, Yakovlev, Audova et al.). Audova may, of 
course, be wrong in explaining the extinction of the large Mesozoic reptiles 
on the basis of climatic deterioration. In cold phases, they could easily have 
retreated, as they did at other times, to warmer parts of the earth. 


PLANTS 


It must first of all be pointed out that the floras of tropical areas contain 
many more species than do those of cooler latitudes. The tropical rain 
forests of the Cameroons contain 800 species, of which between 500 and 600 
are trees: there are only 10-15 kinds of trees in central European wood- 
lands (EKidmann, 1942). When Heer showed that there were 136 different 
woody plants in the Miocene marls of Oeningen on Lake Constance, com- 
pared with 91 in the Zurich canton of the present time, this certainly 
favored the hypothesis that temperatures were higher during the Miocene 
Period; the more so since as a rule only a part, indeed often only a small 
part of the flora is preserved as fossils. For this reason, no conclusion may 
be drawn from beds which are deficient in fossil species. 

Tropical rain forests are characterized above all else by an abundance of 
climbing plants, a feature which Chesters also found in the Miocene Flora 
of Rusinga Island, Lake Victoria. 

In North America, in particular, a great many investigators (Sinnot, 
Bailey, Berry, Chaney, Sanborn, Becker, et al.) have tried to determine 
statistically the occurrence of certain features such as size and shape of leaf, 
drip-points, etc., among Recent floras (Table 11). The difference between 
tropical and cooler climates emerges very clearly. 


TABLE 11 


PROPORTION OF ENTIRE MARGINED LEAVES IN RECENT 
FLORAS (DICOTYLEDONOUS WOODY PLANTS) 


Panama,lowland. . . . . .« .« 88% California, Redwood . 2. . «23% 
Florida 2. 6 1 1 we ew ee 83H Italy 2. 2 6 we ew we ww BOH 
Simla, mountains. . . . . . « 58% England . . . . 1. ww ww 82H 
Upper Ganges plain . . . . 6. TI% Northeast Germany. . . . . . 21% 
Hawaii, mountains . . . . . . 56% North Japan. . . 2 1 1 we 6) 8% 
Hawaii,lowland . . . . . « «© 76% 


Among the rich Eocene floras of North America, the Wilcox flora con- 
tains 87% of entire margined leaves (Berry), the Goshen flora 61% (Chaney 
and Sanborn). They evidently represent tropical rain forests. Table 12 does, 
however. indicate that it is not always so easy to deduce climatic conditions. 
The proportion of leaves with entire margins did not decrease throughout 
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the Tertiary as regularly as would theoretically be expected. Therefore in 
statistical studies, the results should not be interpreted too rigidly, especially 
when based on insufficient material. 


TABLE 12 


PROPORTION OF ENTIRE MARGINED LEAVES IN TERTIARY 
FLORAS (DICOTYLEDONOUS) OF GERMANY (AFTER 
SCHWARZBACH, 1946) 


NO. OF COMPARABLE ENTIRE-MARGINED 








SPECIES SPECIES IN % 
Eocene, Geiseltal - ~- - - - - - 27 15 
Eocene, Bornstedt near Eisleben . . 31 50 
Eocene, Eisleben . . . 2. 2. 1 31 15 
U. Oligocene, Diiren 2. 2. 2... 100 45 
L. Miocene, Mainz. . . . .. . 47 710 
Miocene, Eichelskopf near Homberg . . 46 65 
Miocene, Senftenberg near Neiderlausitz . 48 10 
Pliocene, Frankfurt . . . . . 39 30 





The “tropical character” of the Carboniferous coal forests has been 
vigorously advocated, especially by H. Potonié (1920), on the basis of 
more general characteristics. His main evidence lay in the occurrence of 
tree ferns, in the axillary position of the fructifications of such plants as 
Sigillaria, im the aphlebia (i.e. large, heavily modified pinnules) of certain 
large ferns—particularly the Pecopterids, and in the absence of annual 
growth rings. Axillary fructifications are now to be found on such plants as 
the cocoa tree; aphlebia in the Gleicheniacicae and other forms; both appear 
predominantly in hot areas. Their significance is not yet known; their 
occurrence among the Sigillariaceae is now questioned. Tree ferns may not 
be cited in this context, as now they are much more characteristic of wet 
than of warm climates, and can even withstand snow. We should not, there- 
fore, automatically ascribe the Carboniferous coal forests to tropical, but 
rather to warm (i.e. to tropical or subtropical), and above all to wet climates. 

Systematic affinities between fossil plants and Recent species can only 
be used to provide paleoclimatic evidence from Tertiary times onward. 
QO. Heer must qualify as the pioneer of such comparisons for, by comparing 
the Tertiary palms, Liquidambar, Cinnamomum, Laurus, Liriodendron, etc., 
with their modern representatives, he was able to estimate the Tertiary 
temperatures of Switzerland. His results were based, not on specific plants, 
but on the whole flora. 


Some common Tertiary plants may be mentioned briefly, Sequoia and 


Taxodium are relict 
plants now confined 
to California and the 
Gulf Coast respect- 
ively. Their distribu- 
tion does not corres- 
pond to the total 
area in which they 
could flourish, but 
they are nevertheless 
of some paleocli- 
matic value (fig. 23); 
the same may be 
said of Glyptostrobus 
of southeast China. 

Palms afford strik- 
ing examples of trees 
which thrive in warm 
climates today, and 
are common in fossil 
floras. Even wood, 
roots and fruit have 
been found, though 
many have been 
incorrectly identified 
(Chapter 3). Their 
present poleward 
limits run through 
North Carolina 
(35° N), Japan (36° 
N) and New Zealand 
(44°S), but their 
areal distribution 
was much more ex- 
tensive in Tertiary 
times. 

Today, Cinnamo- 
mum (e.g. Cinnamon 
and Camphor trees) 
flourishes mainly in 
the tropics, though 
some species are to 
be found in Florida 
and southern Japan. 
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Fic. 23, Present AND Former Distriution or Sequoia AND Metasequoia 


ary occurrences of Sequoia and Metasequoia 


Terti 


respectively, From two maps by Schloemer-Jiger. 


present occurrence of Metasequoia; 3 and 4 


1 = Present occurrence of Sequoia; 2 


35 


, 1958. 
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Heer points out that Cinnamomum camphora still blooms in Florence and 
Pisa though it no longer bears fruit there. He compares this with Cinna- 
momum polymorphum which occurs frequently in the Tertiary (Siebenge- 
birge, Cologne, etc.), and thereby estimates a mean annual temperature of 
15° C. 

The fruits of Mastixiodea and Symplocacea are often found in the Tertiary 
lignites of Germany (Kirchheimer). Their modern counterparts are Mastix 
(Cornaceae), one of the stately trees of the thinly wooded mountains of 
southern Asia, and Symplocus, whose 300 species are mostly scattered 
throughout the same mountains and those of the tropical zone of Central 
and South America. 

Lastly, we must mention the calcareous algae, which achieved great 
importance as rock formers, e.g. in the Triassic reefs of the Alps. Such 
fluctuations in the distribution of the Dasycladaceae as the Rhaeto-Liassic 
retreat in Europe (Table 13), were probably controlled by climate. 


TABLE 13 


DISTRIBUTION OF DASYCLADACEANS IN THE MESOZOIC 
OF EUROPE (AFTER PIA) 


MIDDLE UPPER LOWER MIDDLE | UPPER ~ 

TRIAS TRIAS JURASSIC JURASSIC JURASSIC 
Northern limit | 51°N 48°N 46°N 52°N 54°N 
No. of species | 42 3 3 3 20 


Further reading: GoOTHAN & WEYLAND, 1954; MABABALE, 1954; Sewarp, 1931. 


Evidence 


of 
Cold Climates 


Einst ziert ich, den Ather durchspiihend, als Spitze 
des Urgebirgs Stock; Ruhm, Hoheit und Stellung 
verschmahend, ward ich zum erratischen Block. 


J. V. v. Scuerrer, 1867. 


GLACIERS AND MORAINES 


Glaciers constitute easily the most outstanding feature of areas with a 
cold climate. Small isolated glaciers can, it is true, exist in the tropics where- 
ever the mountains are high enough. Thus Mount Kenya, Kilimanjaro, and 
Ruwenzori in equatorial Africa all bear a number of corrie- and hanging- 
glaciers. On Ruwenzori they extend down to 1400 m. When dealing with 





Fic. 24. PLeisrocENE Grounp MORAINE LEFT BY THE SCANDINAVIAN IcE SHEET. 


Hermsdorf, Germany (about 600 miles from the Scandinavian mountains). Scale given 
by hammer. (Photograph: M. Schwarzbach, 1941.) 
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TABLE 14—CHARACTERISTICS OF 


a TOS 

















GLACIO-MARINE 
MORAINES (TILLITE) DEPOSITS; IN SLUMPED 
PART TILLITE | 
SUBAERIAL 
Cause Glaciers Icebergs Gravity, often + earth- 
quakes (land-slides); 
thixotropic and peri- 
glacial processes 
Bedding Absent (but boulders mostly | Present Absent 
oriented) 
Sorting Absent | Absent Absent 
Shape of blocks Rounded and facetted | As for moraines Mostly angular; rounded 
boulders often present boulders possible.! 
Striated blocks Normally present Present Rare (short, curved striae) 
Striated pavements | Occasionally present Possible in a few | Rare 
cases 
Contortion of the | Not uncommon Possible in a few 
bedrock cases 
Type of blocks Polymict Polymict Often monomict 
Source of blocks Often distant (100 mls. +) | Mostly distant Local 
Initial dip Almost horizontal Horizontal Shallow dip 
Peculiarities Often unusually extensive | Associated marine 


distribution. Matrix clay | fossils; matrix 
or loam, usually more | usually clay 
abundant than blocks 


1 Already formed boulders may be caught up in slumped mass. 


former glaciers it is, therefore, important to prove either that they form 
part of a really widespread mountain or continental glaciation, or else that 
they lay near sea level. The latter may be perceived where beds containing 
marine fossils are interstratified with the moraines. In maritime climates, 
glaciers and luxuriant vegetation can coexist, as Darwin so dramatically 
realized on his journey round the world (Chapter 11). Glaciers flow into the 
Gulf of Penas on the coast of Chile “within less than 9° from where palms 
grow, within 43° of a region where the jaguar and puma range over the 
plains, less than 23° from arborescent grasses, and (looking westward in the 
same hemisphere) less than 2° from orchidaceous parasites and within a 


single degree of tree ferns!”. On the whole, the snouts of glaciers tend to lie 
far below the snow line. 
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MORAINES AND PSEUDOMORAINES 





PSEUDOMORAINES IN PART 








MASSES 




















FANGLOMERATE | VOLCANIC BRECcIAS | TECTONIC 
SUBAQUEOUS BRECCIAS 
Gravity usually + earth- | Flowing water in arid oleate processes ties processes (fis- | Tectonic processes 
quakes regions sure filling, pyro- 
clastics) 
Abeacorpie or present Often indistinct Absent or weene TG Abseut 
Absent or present Often indistinct Absent or AEC OR RENAE | | Absent 
Mostly angular (possibly { Often poorly rounded ‘Gane OO Angular 
rounded boulders!) 
Rare Absent Possible Rare 
Rare Absent Possible with pyro- | Slickensides 
clastics; slickensides | possible 
Occasionally present Absent Absent Possible 
Monomict or polymict Usually polymict Always include blocks | Usually few types 
of volcanic rocks 
Local or fairly distant Mostly fairly local Sometimes from great | Mostly local 
depth 
Shilloe dip SSCS dip Almost horizontal Vertical, inclined or | Steep or shallow 
horizontal 
Often with slumped balls , Little matrix Often in narrow 
and limnic or marine zone 


fossils 





The former presence of glaciers can be proved by their deposits—ground 
moraines—and by the typical land forms they produce—e.g., end-moraines. 
Ground moraines are unbedded and unsorted, and they contain large and 
small rock fragments, often with rounded corners, set in apparently hap- 
hazard fashion in a matrix of loam or marl. We speak of the deposits as 
boulder clay or till (fig. 24), or, where they are older and completely con- 
solidated, as tillite (figs. 76-78, 83, 103). Penck first coined this term for the 
Dwyka moraines of South Africa in 1906. Since it is very difficult to dis- 
tinguish between moraines and pseudomoraines, I would recommend that 
the term tillite be applied not only to undoubted moraines but to all 
moraine-like sediments of probable or possible glacial or glacio-marine 
origin. Those later shown to be pseudomoraines of nonglacial origin, may 
then, more properly, be called pseudotillites. 
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The boulders are often polished and striated (figs. 76, 79); so is the rock 
pavement (figs. 25, 26). The glacial striae on the Muschelkalk sediments near 
Berlin are characteristic, and their study by Torell in 1875 initiated the 
modern development of glaciology. Such striated pavements were also 





Fic. 25. GLACIALLY STRIATED PAVEMENT WITH FLATTER “Stross” SIDE AND STEEPER 
LEE SIDE 


The glacier came from the right. Piedmont of the Solheima Glacier, Iceland. (Photograph: 
M. Schwarzbach.) 


formed during the pre-Quaternary glaciations (figs. 77, 89). The frequency 
of striation depends on the rock type; in Illinois, R. C. Anderson found that 


basic lavas were most abundantly striated, followed by limestone and 
dolomite. 


Further reading: Grier, 1929; C. D. Hones, 1960; Porrmann, 1956; H. Sara, 1948. 


Pseudomoraines 


Unfortunately, moraine-like deposits can also form by quite different 
mechanisms, e.g., slumping. These pseudomoraines (pseudotillites) may 
also contain striated blocks. Slumped masses (fig. 27), fanglomerates, 
volcanic breccias, and tectonic breccias can all be confused with moraines. 
Examples of submarine slumping in the Culm (Carboniferous greywacke 
association) of the Rhenish Schiefergebirge (Kuenen and Sanders, 1956, 
Plate 2), and recent landslides in Bavaria (v. Freyberg) show that even 
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PRECAMBRIAN (HURONIAN) TILLITE 


Noranda, Canada. The outcrop, therefore, indicates two glaciations separated in time 
by perhaps 1,000 million years. (Photograph: M. Schwarzbach.) 
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Fic. 27. Pseupo Tinuire Formep BY SUBMARINE SLUMPING; ORDOVICIAN, QUEBEC 


Pencil gives scale. (Photograph: M. Schwarzbach.) 
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striated pavements may be formed; in the latter case, in a soft clayey 
substrate (fig. 28). Indeed, even seals can occasionally cause striation, as 
Jordan observed on Pribilov Island (see Barth, 1956, p. 102). It is at least 
ice and so a cold climate that is responsible, where striations are produced 
by grounding icebergs or by ice floes being thrust onto the coast. 

Boulders in landslips may also be striated, but Heim points out that the 
grooves are short, curved, and rough surfaced. They are thus readily 
distinguishable from the long, straight, smooth grooves of glacial origin. 
Striated morainic boulders may get 
caught up in landslides. Then, the 
striation is not directly related to 
the pseudomoraine (Heim, 1932, p. 
105ff). Striation can be produced 
even in normal conglomerates by 
diagenetic processes, because of the 
greater compaction of the matrix. 
Heim records examples from the 
Swiss Molasse (1919, p. 62). W. J. 
Schmidt has described striated boul- 
ders of tectonic origin. 

A general review of the character- 
istics of moraines and pseudomo- 
raines is given in Table 14. Deter- 
mination of the origin is often 

uncertain, but it is sometimes pos- 

{ ASS { sible, when many features are com- 
SMassseey bined, to suggest that it is glacial. 
~~ Striated boulders and pavements and 

a wide areal distribution may be con- 
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Fic. 28, SrR1ATED SURFACE IN CLAY CAUSED 
BY A LANDSLIDE IN 1957, EBERMANNSTADT, 


Bivcntk. sidered as the most typical attributes 
From B. v. Freyberg, 1957. (Photograph of true moraines. Little reliance can 
by kind permission of author.) be placed on association with banded 


clays, since such sediments are also 
very common in nonglacial environments (see fig. 66). 

Among the more recent literature dealing with this much discussed theme 
special mention may be made of the papers by Wegmann (1951), Crandell 
(1957), Crowell (1957), and Schwarzbach (1958). 

Many statements concerning alleged pre-Quaternary glaciations are 
founded on pseudotillites. 


Further reading: ACKERMANN, 1951; CRANDELL & Watpron, 1956. 


Glacial Land Forms 


Glacial land forms play a decisive part in the reconstruction of the 
Quaternary Glaciations. They include corries, terminal moraines, roches 
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moutonnées (fig. 26), U-shaped valleys, Jakes, kettle holes, eskers, and 
kames. Morainic features formed during the last glacial phase can be 
distinguished from those of earlier phases by their individual land forms. In 
North Germany and Jowa, the Last Glaciation has resulted in incomplete 
drainage, basins of inland drainage, and Jakes (Gripp, Ruhe). Only isolated 
examples of similar phenomena are to be found associated with older 
glaciations. U-shaped valleys were produced during the Permo-Carboni- 
ferous glaciation of S.W. Africa (Martin and Schalk), Victoria and South 
Australia (Summers, see Fairbridge, 1953). 





CRESCENTIC GOUGE LUNATE FRACTURE 


\)))) yy) 
ZL Li pp 
yyy 





CRESCENTIC FRACTURES 


Fic. 29. GLACIAL STRIAE AND SOLE MARKINGS 
Arrow indicates the direction of ice movement (after R. F. Flint, 1955). 


Direction of Ice Movement 

Whence came the glaciers? In present mountain areas, the answer to this 
important question is usually apparent, but with former glaciations it 
cannot be answered automatically. The direction of movement is revealed 
by the orientation of the boulders—which do not really lie haphazardly 
(Richter, 1932; Lundquist; Glen, Donner and West)—and even more by the 
direction of the glacial striae, though these by no means always parallel 
the ice flow even in valley glaciers. This, Collomb observed as long ago as 
1846 for the Rosenlaui glacier in Switzerland. Therefore, it should not 
always be concluded, as it often has, that different directions of striation on 
a rock surface indicate several former glaciations. Moreover, one is always 
faced with a choice between two possible source directions, e.g., with east- 
west striae, the ice could have equally well come from the east or the west. 
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Distinction cannot always be made on the basis of crescentic scour markings 
on the rock pavement lying at right angles to the direction of flow. Their 
concave sides sometimes point in the direction of flow, sometimes in the 
reverse direction; and while the flatter slope of the scour feature does in fact 
often point in the direction of movement (fig. 29) it by no means always does 
so. (Harris, Flint, good photo by Holtedabl, Norges Geologi, 1953, II, 
fig. 456.) 

The analysis of included boulders as a means of determining the source 
of old moraines only occasionally produces the desired result, especially if 
the rock types are not distinctive. In north Germany, however, it does 
serve to distinguish various older Quaternary glaciations because the 
direction of ice flow varied. The Ailsa Craig boulder train shows that 
Scottish ice swept south through the Irish Sea and onto the neighboring 
coastal areas; Scandinavian erratics indicate that that ice sheet once covered 
eastern England. Flint (1947) lists American examples of the use of boulder 
trains. 

In the Quaternary, the orientation of terminal moraines, eskers, and 
drumlins, and the asymmetrical long-section of roches moutonnées (with a 
flat “‘stoss” side, and a steep lee side, fig. 25) also serve to indicate the 
direction of flow. In a few cases, contortions produced by the glacier yield 
the same result, but for older glaciations these structures can hardly be 


distinguished from similar features caused by submarine slumping 
(Fairbridge). 


Transportation by Icebergs 


Although Lyell’s concept that the glacial erratics of Europe were trans- 
ported by drifting ice has been abandoned, the word “‘drift”’ has continued 
to be used in British literature to describe glacial deposits. Nevertheless, it is 
certain that icebergs can in fact carry coarse material over vast distances to 
deposit it among fine-grained marine sediments (Hough, 1950; fig. 30). At 
present, icebergs may occasionally drift to within 40° of the equator. The 
investigation of abyssal deposits has revealed numerous such glacio-marine 
sediments; many “‘pebbly shales” of older periods have also been attributed 
to this mechanism. Drifting tree trunks and seaweed can also carry rocks for 
a long way, as the poet and botanist, Adalbert von Chamisso, observed long 
ago off the coast of Radak (in the Marshall Islands) during the world cruise 
of the Russian ship “Rurik” (1815-18). In the Jurassic sediments of Solen- 
hofen, trees have been preserved with boulders entangled in their roots 
(Mayr). Sea lions can also transport individual pebbles as gastroliths 
(Emery). 

Darwin noted as early as 1855, that the substrate may be striated by 
grounding icebergs. Gaertner has suggested, though not on any valid 
grounds, that Eo-Cambrian examples of iceberg striation occur at Varanger 
Fjord. Contortion of strata could also have been caused by grounding ice. 
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Ice floes in rivers, like icebergs, may also transport large blocks. This has 
been observed even in rivers of temperate latitudes (Genieser), but takes 
place on a large scale only in large Arctic rivers. Boulders of several meters 
diameter in the Rhine gravels have therefore been taken as proof of a fairly 
cold, i.e., glacial, climate. Pressure of ice on river banks can give rise to 
striated boulders (as Bernauer observed on the Neckar near Heidelberg). In 
the same way, ice pressure on lake shores can also assume considerable 
proportions. (There is a very informative picture in the textbook Geology by 
Emmons, Thiel, ef al., 1955, p. 215.) 
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Fic. 30. Erratic Droprep By FLOATING IcE INTO INTERGLACIAL BANDED MARINE CLAYS 


Fossvogur near Reykjavik, Iceland. (Photograph: M. Schwarzbach.) 


Snow Line 


The position of the climatically important regional snow line, ie., the 
lower limit of eternal snows and hence of glacier formation, can be recon- 
structed only for the Quaternary Ice Age. Isochion is the name given to the 
line joining points where the regional snow line lies at the same altitude. 

The lowered position of the Pleistocene snow line is revealed by corries 
on mountains and hills well below the present snow line. They date mostly 
from the Last Glaciation, and are to be seen, for example, in the Alps or the 
Cordilleras. Many of the ranges no longer support glaciers, e.g., Vosges, 
Black Forest, Riesengebirge (fig. 31). Obviously, during the last glacial 
phase, the snow line lay well below, in places more than 1000m below, its 
present level. Roches moutonnées and glacial striae are also important 
though it must be remembered that the snout of valley glaciers often lies 
far below the limit of eternal snows. In the Alps, 17 glaciers now terminate 
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Fic. 31. Corrres Formep Durinc THE LAST GLACIATION 


Ricsengebirge (Karkenoze), Silesia (now Poland). (From Schwarzbach, 
“Geologie in Bildern,” 1954.) 


more than 1000 m. below the snow line; in the Himalayas several extend 
over 2000 m. below; the Malaspina glacier in Alaska supports whole woods 
on its debris-covered snout. 

It should always be borne in mind, that in areas like the Himalayas, or 
Andean ranges, the level of the former snow line may have been displaced 
by fairly recent tectonic movements (Machatchcek, Heim, 1951). This can 
also affect our opinion of interglacial phases (Liidi). 


Evidence of Cold Climates 47 


The present position of the snow line depends not only on temperature, 
but also on precipitation. This shows up especially clearly when we trace 
its level from pole to pole (fig. 110). Certainly, with increasing temperature, 
it does generally rise toward the equator, but its maximum altitude is 
attained not there, but in the arid horse latitudes, where at Puna de 
Atacama, it soars to 6850 m. Moreover, in the Northern Hemisphere, it 
reaches sea level in Greenland (lat. 81° N) while in the much wetter Southern 
Hemisphere, it drops to zero height at Heard Island only 53° S of the 
equator, and therefore in the same latitude as Hamburg, Liverpool, and 
Lake Winnipeg. In Kerguelen, which lies at the same distance from the 
equator as the Channel Islands and has a maritime climate, the glaciers 
descend to only 600 m. above sea level. 

For these reasons, the snow line rises inland (fig. 32) both now and during 
the Pleistocene glaciation. The Pleistocene snow line rose from 1400 m. on 
the Dalmatian Coast to 3700 m. south of the Caspian Sea (Louis 1944), 
while in the Pamir plateau, it ascended from 3000 to nearly 5000 m. in a 
distance of under 200 miles (Zabirov, Biidel, Gerassimov & Markov, 
Wissmann). Furthermore, the depression of the snow line during the Ice 
Age was less in arid than in humid areas (fig. 110). Because of their aridity, 
many parts of the polar zones are not glaciated, nor were they during 
the Pleistocene; the very limited glaciation of Northern Siberia mav be 
attributed to this cause. 

The snow line lies above the tree line. The vertical distance between 
them varies within wide limits, from 200 to well over 3000 m. (K. Hermes). 


PERIGLACIAL PHENOMENA 


Outside the true glacial, i.e., glaciated, region, lies the periglacial zone 
which also affords a wealth of important paleoclimatic phenomena. These 
have been intensively studied, particularly in fairly recent years, and 
again they are of greatest importance in Quaternary studies (sce the recent 
papers by Biidel, Cailleux & Taylor, Diicker, Frenzel, Kaiser, Maarleveld, 
Poser, Schenck, H. T. Smith, Troll, et al.). 

Intense physical weathering leads to the formation of thick masses of 
boulder and rubble known as block-fields. Where block-fields occur in hill 
areas of temperate latitudes, they can be regarded as relics of glacial phases. 

Another feature of the periglacial zone is permanently frozen ground 
(permafrost, pergelisol, tjile in Sweden). The subsoil is permanently frozen, 
sometimes to depths of over 100 m., but flowage (solifluction) occurs readily 
where a thin surface layer thaws in summer. At the present time, such 
conditions affect large areas of North America and Siberia (fig. 33). Accord- 
ing to Shostakovitch, these areas are characterized by extreme cold, and 
by slight precipitation in the form of snow. The southern limit coincides 
approximately with the mean annual isotherm ~2° C. Others, including 
Mortensen (1952) equate it with the -5° C isotherm. 
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Fic. 32. Recrnt anp Pieistocene Snow Line tn Eurasta (F.-W. Section) 
Solid line = present snow fine; dashes = Pleistocene snow line. The snow line rises 
toward the interior of the continent (after Gerassimov and Markov, 1954). 
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Fie. 33, PeeManratiy Frozen Gnounp in Eunasta 


1= ice sheets during Wtirm Glaciation; 2 = recent glaciers; 3 = Wiirm const line; 
4 = coast line during postglacial Climatic Optimum; 5 = margins of Black Sea and Jakes 
during Wiirm Glaciation; 6 = Wiirm; 7 = Postglacial Optimum; and 8 = present extent 
of permanently frozen ground. Constructed from Russian data by Frenzel, 1960. 


Cryoturbation, stone circles, and ice wedges, are all typical of the perma- 
frost zone. On the basis of these phenomena, it can be shown that extensive 
areas of central and western Europe bore pergelisols during the Pleistocene 
glaciations. These may have been as much as 100-150 m. thick, for in a 
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Saale push-moraine in N.W. Germany great slabs of loose sand penetrate to 
this depth. This can only have been possible if the sands were frozen at the 
time. 

Rock glaciers are flows of rock and clayey material, often with an arcuate 
bulging appearance (fig. 34). They occur in high mountain areas. Where they 
appear at lower levels, they are essentially glacial relics, dating back to 
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Fig. 3}. Rock GLACIER IN THE ALPS 
Duron Valley, South Tyrol Dolomites. (Photograph: M. Schwarzbach.) 


periods of intense solifluction. According to Wahrhaftig and Cox, they did 
not form in the Alaska Range during the postglacial Climatic Optimum, but 
reappeared later. 

Cryoturbation is the term used to describe the contortedly bedded soils 
(cryoturbates, Wiirgeboden, etc., see fig. 35) that originate almost entirely 
by flowage of the summer-thawing layer of permafrost areas. Unlike those 
of the Pleistocene, recent examples have as yet received little study. Pre- 
Quaternary examples have not been definitely established, though Wetzel 
considers the mud-cake conglomerates of the Lower Paleozoic or Precam- 
brian Visingi Formation of Sweden to have formed in this way. 

Repeated freezing and thawing of the upper layers of earth, causes 
geometric arrangement of the larger stones into stone circles. On gently 
sloping terrain, these are drawn out into stone stripes. Stone circles and 
stripes also appear in the zone of eternal snows on the high mountains of 
the tropics (Troll), in such now unglaciated hill areas (Héghom) as the 
Riesengebirge, or the Wind River Mountains of Wyoming, and also at lower 
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Fic. 35. CRYOTURBATION IN PLEISTOCENE RIVER GRAVELS 





Jiilich, west of Cologne. 1 = sand; 2 = Pliocene clay; 3 = Older Upper Terrace of the 
Maas (gravel, sand, and loamy sand) showing cryoturbation (3a); 4 = Younger Upper 


Terrace of the Rhine; 5 = Wiirm loess. Above detailed photograph of the cryoturbation. 
1 m. rule gives scale. 


The Maas sands were in a permafrost area for a long time in the early Pleistocene. 
Cryoturbation resulted. An ice wedge filled with loamy sand can be seen on the right. 
The sands were later eroded, then further gravels were deposited. The periglacial phenomena 
are of the same age as the sedimentation (synchronous cryoturbation) (after L. Ahorner). 
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levels in Iceland (fig. 36). There they are definitely not associated with 
permanently frozen ground, so only their optimum development occurs in 
the periglacial area. Fossil stone nets are rare, though they were formed 
during the Wiirm Glaciation (as recorded by Wortmann in Westphalia). 

Networks of frost fissures split asunder the pergelisols of the tundras and 
then fill with ice (fig. 37) to give rise to ice wedges. These wedges may 
gradually expand to as much as 8-10 m. deep, and 3 m. across (Leffingwell, 
1915, 1919, in Alaska: Pataleyev, in Siberia, fig. 39). 





Vic. 36. Stonr: Cincirs in Poste.actan Turrs In IceLanp, souTH OF REYKJAVIK 
The formation of stone circles is most common in permafrost areas, but also occurs, 1s 
here in Iecland, beyond the limits of permanently frozen ground. Scale given by book. 
(Photograph: M. Schwarzbach, 1958.) 


The ice may later be replaced by sediment, often loess, to give rise to 
“ice-wedge pseudomorphs” which are usually called ice wedges, loess 
wedges, or frost fissures, though the latter term is confined by some to the 
original fissures (figs. 40, 35). 

Numerous Pleistocene examples have been described from central 
Europe (first by Soergel), and later from North America. They are usually 
seen in cross-section, but occasionally ice-wedge networks are also seen; 
near Gittingen (Selzer; fig. 38), Prague (Zaruba), in Yorkshire from aerial 
photographs (Dimbleby), and in Worcestershire (Shotton). It is possible 
to confuse them with such other structures as infilled joints or tension 
cracks (Schwarzbach, 1952, Kaiser, 1958). 
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Fic. 37. Ice Wepce Network IN THE TaimyR PENINSULA (SIBERIA) 
(Photographed on Arctic Flight of Graf Zeppelin, 1931.) (From C. Troll, 1944.) 
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Fie. 38. Foss, “Ice Wepcr’’ NETworK 





Ice now replaced by loess. Géttingen-Kassel autobahn, 
Germany. (From Selzer, 1936.) : 
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Many of the valleys in 
the periglacial zone of cen- 
tral Europe have asym- 
metric cross-sections with 
steeper eastern or northern 
slopes. The asymmetry 
originated during the Wiirm 
Glaciation because the 
northern and eastern slopes 
facing toward the sun 
thawed rather more deeply, 
with the result that strong 
lateral erosion set. in there 
(Poser, K. Kaiser). 

In the soils of modern 
tundras. lenticles of ice 
often gradually push up 
mounds as much as 10 m. 
high. These are known as 
pingos or hydrolaccoliths. 
Later, melting of the ice 
and collapse of the mound 
gives rise to small circular 
pools. Maarleveld and 
Toorn explained — similar 
structures in north Holland 
as pingos produced during 
the Wiirm Glaciation. 
Cailleux has recorded others 
near Paris, 

Further reading: R. F. Brack, 
1954; Gautwitz, 1949; Hours 
& Conron, 1960; Horkxins & 
Kanvstrom, 1955; G. JouNnsson, 
1959; Krssuer, 1925; Mittirr, 
1959; Wasimunrn, 1956; WoLtrr, 
1956. 


TERRACES 
It is probable that many 
rivers were dominantly 
erosive during the inter- 
glacial phases but tended 
to become choked with 
gravel during the glacial 
C.P.—5 





Fic. 39. Two Recent Ick WEDGES IN PERMANENTLY Frozen Grounp At INDIGIRKA (EASTERN SIBERTA) 


The wedges are several meters thick. The ground is frozen here to a depth of some 100 m.; it is covered by woodland (Larix dahurica). 
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(Photograph: Prof. Schanzer, Moscow, 1959.) 
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Fic. 40. Larce “Ice WEDGE” In QUATERNARY RHINE GRAVELS; LIGNITE WORKINGS NEAR 
? 


Length of wedges ca. 6 m. The ice was replaced by loess during the Wiirm Glaciation 
(see sketch on right). (From data by Pruskovski, from Kaiser, 1958.) 


phases, when more detritus was being supplied than they could trans- 
port. This has sometimes been confirmed by the remains of plants and 
animals adapted to cold conditions, and by syngenetic ice wedges, ctc. 
(fig. 41). The number of terraces leads one to conclude that there were 
several glacial phases (Soergel, Zeuner, et al.). This interpretation is some- 
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Fic. 41. River TERRACES ON THE RHINE BETWEEN ANDERNACH AND BONN, SOMEWHAT 
DIAGRAMMATIC 


Rhine gravels shown in black. The highest terrace lies 230 m. above the present level 
of the river. The three highest terraces are of Pliocene age, the remainder are Quaternary. 
At least part of the Quaternary terrace gravels was deposited during glacial phases, i.c. the 


succession of terraces partly reflects the Quaternary climatic fluctuations. (Original drawing 
by Kaiser.) 
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times open to question because tectonic movements can also produce such 
structures and because, in rivers near the sea, the opposite conditions 
prevail. During glacial phases, sea level was greatly lowered and therefore 
the gradient of the river, and hence its power to erode, increased. Optimal 
conditions for sedimentation occurred during the interglacials when at 
times sea level was higher than it is now. For these terraces Zeuner coined 
the descriptive term “thalassostatic’’. 

The above mentioned variations of sea level are known as “eustatic”’ 
changes. During the glacial phases, when much water was withdrawn from 
the oceans to form extensive ice shects, sea level probably fell by about 
90 m; with all the ice melted, sea level would be 50 m. higher than it is now, 
Corresponding to cach stand in sea level is a marine terrace with wave-cut 
notches and caves, pebbles, a typical littoral fauna, prehistoric remains, and 
dunes. These yield important evidence concerning the Quaternary climate 
and have been especially well studied in the Mediterranean area (Blanc, 
Pfannensticl, Zeuner). The altitude of successive terraces decreases con- 
tinuously in the course of the Quaternary, so obviously another movement 
is superimposed on the glacially controlled fluctuations of sea level. In 
interpreting the height of marine terraces for stratigraphic purposes it 
must always be borne in mind that local tectonic movements can falsify the 
picture. 

In the formerly glaciated areas of Scandinavia, Canada, Iceland, etc., 
melting of the ice has led to isostatic uplifts which have altered the original 
levels of the terraces. 

TABLE 15 


PEBBLE ANALYSES OF TWO GRAVELS, FROM SILESIA 
(QUARTZ=10, AFTER ZEUNER, 1933) 











| QUARTZ | GNEISS | PORPHYRY! op WicKkE 

\ sitet Se Wie fe eet an eee a 
Pliocene gravel 10 11-4 11:0 | 0 
Ga ee og A ese Se 
U. Pleistocene gravel... | 10 | coe ..| 193 | 102 





WEATHERING PHENOMENA AND MINERALOGY 


Since chemical weathering is retarded in cold climates, the Quaternary 
river gravels are much more varicgated than those of the Tertiary, in which 
little other than the most resistant types of pebbles remain (Table 15, and 
fig. 42). Like desert sediments, they contain such easily weathered minerals 
as feldspar, hornblende, and pyroxenes. Pebbles of clay and sand are pre- 
served in the gravels, and it is considered that these must have been frozen 
hard at the time of transport. It has recently been observed that this does 
happen in Spitzbergen. While this is probably the correct explanation in 
most cases, it should, strictly speaking, be pointed out that clay pellets can 
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Fic, 42. QuARTZ CONTENT OF PLIOCENE AND QUATERNARY RHINE GRAVELS IN THE 
COLOGNE AREA 

















The proportion of quartz pebbles is very high in the Tertiary terraces, subject to intense 
chemical weathering, but lower in the Quaternary Period. Sometimes as in the lower terrace, 
it is very low. (from data by Kaiser and Maarleveld, collated by L. Ahorner.) 


occur in nonglacial sediments where the distance of transport is very short 
as, for example, in the Triassic sandstones of the Moenkopi Formation of 
Utah (McKee, 1954, Plate [Va) or in the Miocene sediments of Trinidad 
(Kugler and Saunders, 1959) (see also Bell, 1940). 

As a result of the temperate climate of the interglacial phases, the upper 
layers of the calcareous glacial sediments, especially the loess, gravels, and 











Fic. 43. Fosstz Soms As INDICATORS OF QUATERNARY CLIMATES 
Section near Munich. m = Deckenschotter (Mindel); r = High Terrace gravels (Riss); 
w = Low Terrace gravels (Wiirm); L = loess. The loamy soils which form in the respective 
interglacials are indicated by m’ and r’, and divide the section into 3 glacial and 2 inter- 
glacial phases. w’ indicates postglacial soil. The relative lengths of the postglacial, Riss- Wiirm 


Interglacial, and Mindel-Riss Interglacial phases = 1:3:12. Thickness of section 10 m. 
(From Penck & Briickner, 1909.) 


calciferous boulder clays, were decalcified and altered with the formation 
of loams (fig. 43). The different lengths of the interglacials show up in the 
variable thickness of the leached zone (10cm. to several meters). By 
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Fie. 44, Glossopteris, AN INDICATOR OF COOL Pensto-CaRBo- 7 7 1 
NIFEROUS CLIMATES IN GONDWANALAND ° 





Leaves some 10 cms. long. (From Gothan, Vorgesch. d. ° ; 
Pflanzenwelt, 1912.) 
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weathering, it has been possible to make a rough © 
estimate of the duration of each interglacial | 
(Penck and Briickner in the Alps, G. F. Kay in : 
North America). In doing soit is assumed that the. 
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no means certain, and Hunt and Sokoleff, for 
example, consider that the thick early Pleistocene 
soils in the Rocky Mountains were produced by a 
climate unlike ours. Climatically controlled local 
differences in the Pleistocene soils of south Ger- 
many (Brunnacker) and Lower Austria (Fink) can 
be readily demonstrated. Thus chernozems formed 1 
in the drier parts of the loess belt, and “sol lessivé” 
in the wetter ones. 

Taber (1950) put forward an unusual type of 
climatic interpretation when he suggested that 
the presence of well-preserved liquid inclusions in quartz crystals in 
Carolina showed that the soils containing them could not have developed 
in the periglacial zone since there, large liquid inclusions are damaged by 
frost. 

“Ice crystals” provide doubtful evidence of climate. It seems certain 
that these delicate needles, crystallized in wet mud by freezing, may be 
preserved, but it is not certain that all the things so identified really are ice 
crystals. They have been described from the Precambrian of Russia (Lungers- 
hausen), the Devonian of North America (Clarke, Schuchert), the Gondwana 
Beds of Southwest Africa (Martin), the Verrucano of Tuscany (Redini, 
Hantzschel), the Rotliegendes of the Nabe Basin (Reinecke), the Muschel- 
kalk of Baden (Pfannenstiel), the Upper Cretaceous of South Dakota and 
Texas (Udden), and the Pleistocene of Lake Bonneville (Mark). Crystals 
other than ice, e.g., gypsum, may have been responsible. Besides, ice 
crystals do not prove a cold climate but only the action of frost, which can 
occur quite close to the equator, e.g., in the Sahara at the present time. 

It has occasionally been assumed that the green iron silicate glauconite 
forms preferentially in relatively cool sea water, but Galliher’s (1935) map 
of the distribution of glauconite in Recent sediments shows no such relation- 
ship. It can probably be said, though. that glauconite is not diagnostic of 
very warm seas (see Cloud, 1955). This would explain whv it is not known 
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from the sediments of the hot equatorial zone of the Upper Cretaceous and 
Tertiary Periods (Shatski, 1954). 


PLANTS 


Plants are of prime importance in the Tertiary and, above all, in the 
Quaternary. Among pre-Tertiary plant occurrences, only the Gondwana 
floras, with the “ferns” Glossopteris (fig. 44) and Gangamopteris, merit 
attention since they were associated with glacial deposits and so may be 
held to have flourished in a cold climate. Typical of the plants of the 
Quaternary glacial phases of Central Europe, are Dryas octopetala, the arctic 
willow (Salix polaris), and the dwarf birch (Betula nana) (fig. 45). Nowadays, 





i 


Fic, 45, PLANTS OF THE ARCTIC TUNDRA DURING THE QUATERNARY GLACIATION 


a-b, Dryas octopetala; c-d, Loiseleuria (Azalea) procumbens; e, Betula nana; f, Salix polaris; 
g, Salix herbacea, about actual size. (From A. Heim, 1919.) 


these plants appear mostly in the far north or in high mountains, but then 
they were widespread throughout the treeless tundras of Central Europe. 
Since the southern limit of the present tundra more or less coincides with the 
10° C isotherm for the warmest month, it has been calculated that the 
Pleistocene temperatures of the areas where these shrubs occur must have 
been 6-10° C lower than today’s. 

Contrariwise, the remains of the beaver (Castor fiber) in the tundras of 
eastern Siberia indicate that this region must once have supported temperate 
woodlands—an ingenious example of an “‘indirect” climatic indicator 
(Arembovski). 

The conifers are generally regarded as indicators of cool climates. Some, 
e.g., Juniper, spruce, larch, pine, spread right into the polar zone and fig. 39 
shows a locality where Larix dahurica is thriving in the permafrost area. 
They are almost completely absent from tropical lowlands; in these latitudes 
they favor the mountains where, as Humboldt saw in Mexico, they are 
often associated with palms, Conifers obviously migrated far south through 
North America during the Ice Ages, for Picea glauca and Picea mariana, 
which now grow around Lake Huron and farther north, were flourishing in 


Texas during the Last Glaciation (Potzger & Tharp) while Picea and Abies 


were living in Florida (Davis). 
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Generally speaking, the interglacial strata contain floras similar to those 
which thrive in the same areas today with, in addition, particularly in the 
earlier interglacials, some specics which require more favorable conditions, 
In this category may be included the vine, Vitis sylvestris, and the Pontian 
Alpine rose, Rhododendron ponticum, which no longer grow in the Inn 
valley but are present in the Hottinger Breccia of the Mindel-Riss 
Interglacial. 

Pollen spectra have proved to be of great importance as they enable us to 
detect even slight climatic fluctuations in the Quaternary and even in the 
Tertiary (fig. 46). Fundamental papers on this subject include those of 
Exrdtmann, Faegri, Firbas, Godwin, Iversen, Overbeck, Pflug, Pokrovskaya, 
and Thomson. 


Moximum tropicol 
temperoture 





0° 5° 10° 15° 20° 25° 30° 35° 40° 45° 50° 55° C¢ 
Fic. 47, RELATIONSHIP BETWEEN PxiAant GrowTH, DEcomMPOoSITION AND RATE OF 
ACCUMULATION OF PLANT DEBRIS 


A= rate of plant growth (maximum at temperature of about 25° C); B,= decomposition 
of plant material in soils, B,, in swamps. The shaded areas indicate where growth is faster 


than decomposition, ie. where organic matter can accumulate (after Mohr, and van 
Baren, 1954), 


The possible sources of error in pollen analyses include: 

(a) the resistance of the pollen grains to weathering. They can, therefore, 
easily survive erosion and redeposition in a quite different bed (Iversen’s 
“secondary pollen’); 

(b) the distance through which many pollens are carried by wind and 
water. Aario found Recent Tilia pollen in Lapland almost 400 miles north 
of the limits of the lime, and Erdtmann has discovered many tree and grass 
pollens in the Atlantic 550 miles from the nearest land. 

Nowadays, the great majority of peat bogs are forming in temperate 
climates which offer conditions most favorable to the abundant accumula- 
tion of plant material, even though they are not the areas of most ]uxuriant 
vegetation (fig. 47). This is clearly shown by every map of peat distribution 
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(fig. 48) and A. W. Giles has calculated that more than 90% of all present- 
day peat bogs lie more than 40° N of the equator. It is plain, however, 
that peat can also appear in quite different climatic conditions wherever 
the tectonic environment is favourable; rapid subsidence of the substrate 
and consequent rapid sedimentation also give rise to peat formation. These 
tectonic conditions were fulfilled in many parts of the world during the 
Carboniferous and Tertiary periods, and we have reason to believe that at 
those times, unlike now, a great many peat swamps formed in the tropics. 
Isolated peat bogs do occur in the tropics even at the present time (Straka, 
1960). 





Fic. 48. Present DistrisuTIon oF Peat Boes (after Frith & Schréter, simplified from 
von Biilow’s “Moorkunde” 1925) 


Schlechtendahl, in 1896, described frost markings on the leaves of 
Carpinus and Fagus from the Miocene of Niederlausitz, but it is very 
doubtful whether they really are frost markings. In any case such markings, 
like ice crystals, do not by any means form only in cold climates. 


Further reading: BADER, 1960; L. S. Bere, 1958. 


ANIMALS 

Land Animals 

In this field too, most is known about the Quaternary. During the lee 
Age, the tundras were inhabited by white grouse (Lagopus), lemmings 
(Myodes), arctic fox (Canis lagopus), arctic hare (Lepus variabilis), reindeer 
(Rangifer tarandus), and musk ox (Ovibos moschatus). Even the now extinct 
large mammals, mammoth (Mammotheus primigenius), woolly rhinoceros 
(Rhinoceros tichorhinus), etc., roamed there. Among this fauna, the mam- 
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moth, in particular, has been shown to have lived in a great many areas, 
e.g., Europe, Siberia, Hokkaido, and North America. It is noteworthy that 
the woolly rhinoceros is absent from North America. The famous discoveries 
of complete corpses of mammoth in the ground ice of Siberia (comprehensive 
account by Popov, 1956), and of woolly rhinoceros in oil-saturated silt in 
Galicia, as well as the graphic drawings and paintings of prehistoric man 
have all revealed the adaptations required for life in cold climates. Zeuner 
has also carefully analyzed a Pleistocene insect fauna from Galicia. 

The mountain marmot too, was much more widely distributed during 
glacial phases than it is now, and its presence in north central New Mexico 
proves that there the snow line was lowered by 1500 m. 

Interglacial phases are characterized by the presence of a modern fauna, 
together with such extinct species as Rhinoceros merckii and Elephas 
antiquus. It should also be mentioned that there lived in central Europe, 
the marsh turtle (Emys orbicularis), which now occurs only sporadically, and 
many gastropods which have now migrated to southern Europe, e.g., 
Belgrandia marginata in interglacial strata at Lehringen in Lower Saxony 
(Boettger); Helicigona banatica which is now found only in the southern 
Carpathians was present in Czechoslovakia (Lozek). 


Further reading: FARRAND, 1961 
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Marine Organisms 
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Marine organisms also afford important information concerning the 
Quaternary climates. For example, the polar lamellibranch, Yoldia (Port- 
landia) arctica has been found in late glacial sediments of the eastern Baltic. 
On the other hand, the present Lusitanian lamellibranch Tapes aureus 
characterizes sediments of the last interglacial in the Eem Sea of central 
Europe. In Greenland, Franz Josef Land, and Spitzbergen, raised beaches 
dating from the postglacial Climatic Optimum, carry the edible mussel, 
Mytilus edulis, which no longer survives in these latitudes. Cold and warm 
water forams can likewise be distinguished from each other, and are of some 
significance in working out the stratigraphic succession in deep-sea cores. 
Warm water forams which appear in the Atlantic include Globigerinoides 
sacculifera and Globorotalia menardii; Globigerina bulloides, and Globigerina 
inflata live in cooler water. In Globigerina pachyderma, the test is most 
commonly sinistrally coiled in cold, but dextrally coiled in warm water in 
the North Atlantic. The boundary between the two forms coincides more 
or Jess with the 7-2° C April isotherm (Ericson, 1959, Bandy, 1960). 

The Greenland whale (Balaena mysticetus), detected by Jux and Rosen- 
bauer in the Lower Low Terrace of the Rhine, is indicative of an arctic 
climate in that area during the Younger Dryas period (c. 10,500 B.c.). 


Further reading: ANTEVS, 1928, 6 0 l O7 
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of 
Arid Climates 


“Figurez-vous, disait-il, qu’un certain soir, en plein 
Sahara...” 
Alphonse Daudet, Tartarin de Tarascon, 1872. 


RED BED AND SALT DEPOSITS 


It has already been pointed out, that red beds are indicative not of 
extreme aridity, but only of a certain degree of dryness. The really impor- 
tant evidence of hot, arid climates is afforded by deposits of evaporites; rock 
salt, potash salts, and gypsum (Lotze). Precipitation of salts takes place, 
most commonly, on or below the surface of the soils of arid regions—more 
especially in steppes than in deserts since a certain amount of water is 
required for transport of the salts—or in the salt lakes and lagoons of these 
areas, e.g. Caspian Sea, Aral Sea, Dead Sea, etc. Therefore the world’s 
evaporite zones are arranged in two great belts, one north and one south of 
the equator (fig. 121), corresponding on the whole to the two hot arid belts 
of fig. 11. In places, e.g. in Central Asia, the evaporite zone extends far to 
the north, but high temperature undoubtedly favors salt precipitation. 

There is a possibility of error, for salt formation does occur on coasts and 
even in the cold dry wastes of the Arctic, though certainly in much smaller 
quantities and only as a temporary phenomenon (e.g. salt crusts in Green- 
land, Spitzbergen, etc.). Avsjuk, Markov, and Shumski describe similar 
deposits from the ice-free “oases” of Antarctica. Moreover, salt separates 
from sea water during freezing (Thomson and Nelson; see also Bain’s 
remarks), and moderate amounts of gypsum can also precipitate outside of 
the evaporite zones, even in the muddy tropical mangrove swamps of New 
Caledonia (J. Avias). Such cases may only very rarely, however, achieve any 
paleoclimatic significance, and the same may be said of the few salt deposits 
resulting from volcanic steam. Geologists have available as climatic indi- 
cators, not only really extensive beds of salt, such as the salt “‘seams”’ of the 
German Zechstein sediments but also halite pseudomorphs, i.e. former indivi- 
dual salt crystals which have been replaced by sand, ete. (fig. 49). They may 
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form partly in salt impregnated soils (Linck, Schwarzbach) and partly on 
the surface (Knetsch). Sandy gypsum crystals are also common in present- 
day deserts (Macfadyen), but to us these are of little importance because 
gypsum pseudomorphs admit of several 
interpretations (see section on ice 
crystals). Lotze has collected numerous 
instances of fossil occurrences of salts 
and has constructed maps which reveal 
that the evaporite belt has gradually 
shifted from the north polar region in the 
Lower Paleozoic to its present position 
(fig. 121). Unfortunately, corresponding 
data for the Southern Hemisphere are 
not yet available. Lotze concluded that 
there must therefore have been a migra- 
tion of the arid zone, which probably 
corresponded to a gradual wandering of 
the equatorial zone and so of the poles. 
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Fic. 49. Haire PsSEUDOMORPHS 


Zechstein sandstone, Silesia. Speci- 
men from Geol, Inst., Breslau py; : 
7 t 
(Wroclaw). Actual size. (Photograph: sided 
M. Schwarzbach.) Rain is an unexpected indicator of dry 


climates. Individual raindrops striking 
sand or mud can leave characteristic rounded impressions which are 
known in the fossil state from the Rotliegendes, Buntsandstein, etc. 
(fig. 50). They were recognized by Lyell as early as 1851 (p. 239). Of course, 
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Fic. 50. Recent anp Fossiz Rarnprrs (X1) 


Left: Recent pits from a mud, Ziebice, Silesia. (Photograph: M. Schwarzbach). Right: fossil 
pits from Carboniferous green shale Cape Breton, Nova Scotia; from Lyell, 1851. This 


specimen also shows supposed animal trails (a, b). According to Lyell, the rain fell from 
the right. 


PT oP RY A 
ST ee 
iar eS 





not all impressions that have been regarded as rain pits really are so. Rising 
air bubbles or fish feeding on the bottom may sometimes produce similar 
structures (Hornstein, Strigel, Jiingst, Reineck, R. Richter). Rain pits, being 
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indicators of isolated showers are to be expected more in arid climates than 
in humid. Therefore, paradoxical as it at first appears, fossilized evidence of 
rain is often nothing less than an indication of an arid climate. The size of 
fossil rain prints compares with those found today, i.c. mean diameter 5 mm. 
Hence Lyell long ago deduced that the density of the atmosphere must 
always have been the same as it is now. 


DESERTS AND WINDS 


Deserts are the characteristic land forms produced by very arid climates. 
In them, physical weathering caused by temperature changes predominates. 
Exfoliation, contraction cracks, and the like form continuously, and chemical 
weathering is retarded. Thick deposits of pebbles and gravel are therefore 
developed. These are carried by shcet-floods during periods of heavy rain to 
build up blankets of unsorted, mostly unbedded, conglomeratic sediments 
which Lawson called fanglomerates because they are deposited in fan-shaped 
alluvial cones. Fossil examples occur, for example, in the Rotliegendes of 
Europe. 

Rather finer-grained sediments carrying small unweathered pebbles of 
feldspar (arkoses) likewise appear in arid regions, though Krynine’s obser- 
vations in the present savanna lands of Mexico show that they are certainly 
not confined to extremely arid areas. 

Silicification is another characteristic of dry climates (as was already 
mentioned in dealing with laterites, Chapter 4). The petrified forests of the 
Rotliegendes of Germany, or the Trias (Chinle Formation) of North America 
(Petrified Forest National Monument, Arizona), or the beds of carnelian in 
the Buntsandstein all afford fossil examples. 

Crusts of calcite cover extensive tracts of the steppe lands (pedocals: 
caliche). In the highlands of Mexico, they appear where the annual rainfall 
is below 25 inches and the temperature for the greater part of the year above 
25° C. They are associated with xerophytic vegetation (Arellano). In the 
southeastern part of New Mexico, they characterize the relatively arid 
phases of the Plio-Pleistocene period (Bretz and Horberg). Among older 
sediments, they appear in the Rotliegendes of Germany, in the Pliocene of 
Queensland (Whitehouse), and in the Quaternary “pluvials” of Spain 
(Rutte) and elsewhere. 

Jn areas which lack a vegetational cover, the effect of the wind is very 
apparent, as it heaps up the sand into dunes. (These can, of course, originate 
in coastal areas with a heavier rainfall). Many of the cross-bedded sand- 
stones of the Permo-Trias of Europe or North America belong in this 
category. Ripples are very abundantly developed, but in the older sedi- 
ments, it must first be established that they are not water ripples. According 
to Twenhofel, differentiation is possible on the basis of the ripple index, i.e. 
the ratio of wave length to amplitude. In wind ripples, this exceeds 15, ie. 
they are very flat; in water ripples, on the other hand, it is less than 15 
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(fig. 51). Thus the ripples in the Coconino Sandstone of Arizona were formed 
by the wind (McKee) while those of the Triassic Moenkopi Formation 
developed in water (McKee, 1954). 

As a result of transport by wind, the sand grains are often fine-grained 
and well-rounded, and have a matt surface (Cailleux, fig. 52). The driving 
sand frequently gives rise to wind abrasion with the formation of ventifacts 
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Fic. 51. Wriyp Rippies (ABOVE), AND WATER Rrmepies (BELOW) 
(after Twenhofel, 1926) 


(dreikanter). But none of these phenomena is restricted to hot deserts; they 
also appear in the cold wastes of Northern Greenland (Fristrup) and else- 
where, and in the unvegetated windswept steppes of the Pleistocene and 
post-Pleistocene periods (fig. 53). In fact, ventifacts are very uncommon in 
the Rotliegendes or the Buntsandstein—individual finds are described as 
something special—whereas they are exceedingly common in the Quaternary 
(see fig. 59). A shortcoming of ventifacts as climatic indicators is that they 
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Fic. 52. Sanp Grains BLastep py Wind (LEFT), AND NOT (RIGHT) 


The sand-blasted grain is rounded and has a matt surface (Weichsel i.e. Vistula sand, 


Warsaw); the other is clear and angular (fluvio-glacial sand from an esker near Stockholm) 
(after Cailleux, 1942). 


occasionally appear to originate in non-arid regions; Miilleried observed 
them in the tropic zone in Mexico. Flowing water, too, can produce facetted 
pebbles similar to ventifacts (Taljaard, Kuenen, Frankel). 

Fine dusty loess is a sediment that is unusually widely distributed over 
cool or even cold steppe lands. In general, as its distribution and fauna 
clearly show, it is of glacial origin. The Pleistocene cold phases with their 
barren, almost unvegetated, outwash fans, gravel spreads, and steppes did 
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in fact afford optimum conditions for the transport and deposition of loess, 
though dust storms certainly also occurred at times during the interglacials 
(e.g. loess in Alsace) and, indeed, loess is still being formed in China (Frenzel, 
1960). Pre-Quaternary loess deposits have been described from the Devonian 
of Siberia, and by Woodworth from the Permo-Carboniferous of South 
America. 
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Fic. 53. MEAN FREQUENCY OF WIND-WORKED SANDS IN THE QUATERNARY 


Black > 80%, BBY 60-80%, 7)40-60%, 20-40%, 10-20%, unshaded (in 
areas examined) < 10%. The maximum extent of ice is also shown. Intensity of reworking 
by wind particularly great in periglacial area; it also increased eastward (after Cailleux, 
1942), 


Inselbergs form striking topographic features in hot arid and semiarid 
regions. They rise abruptly and steeply from flat plains often for no known 
petrological reason (e.g. unusual hardness of the rock and the like). Only 
rarely do they appear in the polar zone (e.g. in Lapland and Newfoundland) 
(H. Schrepfer). Brinkmann has described fossil inselbergs from the Miocene 
of Spain and has pointed out further examples in the Buntsandstein of 
Spain and Triers and the Rotliegendes of Northern Bohemia. This land 
form always attests a desert origin. 
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Many geological processes which now occur only in arid regions did 
undoubtedly operate in humid areas too in times past, when there was little 
or no vegetational cover on dry land. Then probably it was possible for 
ventifacts to form in areas adjacent to coal swamps and be washed into the 
swamps and included in the coal seams, as H. C. Mantle records in Leicester- 
shire. The Paleozoic fanglomerates, arkoses, ctc., could probably also form 
in most land areas, and from their presence therefore, it is by no means safe 
to conclude that the climate was very arid. E. Kaiser, Beurlen, and others 
have pointed this out; in this connection, J. Walther, IE. Stromer, and others 
have spoken of “Urwiisten’”’, i.e. primitive deserts. 


Further reading: BAGNOLD, 1954; GrauMANN, 1932; Hiccins, 1956; MorTrensen, 1927; 
vy. WISSMANN, 1938. 


PLANTS 


Plants adapt themselves in many ways to life in arid climates, and 
botanists, in fact, recognize a group of characters (xeromorphic characters) 
which develop under arid conditions. Small size and sparse development of 
the leaves, and sunken stomata are distinctive features. A “physiological 
aridity” is also to be found, however, in upland moors, where such plants 
as the Ericaceae display ‘“‘xerophytic’”’ characters that are not dependent on 
an arid climate. Moreover, such an apparent “xeromorphism” is not un- 
commonly developed, in the tropical rain forests, and in the Japanese 
umbrella pine (Sciadopitys) which is often present in the Tertiary lignites of 
the Rhine. If we knew nothing of modern trees, we would probably 
incorrectly conclude from the sunken stomata of Sciadopytis that the climate 
was very arid. The Devonian Psilophyte Rhynia, one of the first land plants, 
also shows “physiological aridity”, in the relatively small transpiration 
surfaces and high relative area of conduction of its vascular strand; the 
cause is probably that the plant possessed only an imperfect vascular system 
(Filzer). Therefore, all these features can only be utilized with care. 

The density of veining of the leaf increases with increasing aridity, because 
in arid areas, increased evaporation must be compensated for by a more 
closely spaced vascular system. The leaves on the sunny and shady sides of 
a single tree differ for this reason; hence it is understandable that Zeuncr’s 
sumulating attempt to assess the paleoclimatic significance of this feature 
for the Miocene flora of Oeningen has, as yet, yielded no reliable results. 
However, it will probably be rewarding to pursue this method further. 


ANIMALS 


The frequent preservation of tracks of large animals may be mentioned first 
since these are often the sole surviving fossils in rocks deposited under arid 
conditions, ¢.g. Cheirotherium in the Buntsandstein. Their preservation as 
fossils is in accordance with the retention of wheel marks, etc., in modern 
deserts for tens or even hundreds of years (Mortensen). 
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The two lungfish, Lepidosiren and Protopterus, which now live only in 
Queensland, Africa, and South America are adapted to life in arid conditions. 
Unlike a third genus, Epiceratodus, they can survive even complete drying 
out of their pools. Whether this is true of their much more widely distributed 
Mesozoic ancestors is not known but from the accompanying climatic 
evidence, it appears that Ceratodus, common in the Trias of Germany and 
elsewhere (fig. 54), really was an inhabitant of the arid zone. 





Specimen in Geol. Inst. Breslau (x3). (Photograph: M. Schwarzbach.) 


Of the modern inhabitants of the cooler steppe areas, the jerboa (Alactaga) 
the earless marmot (Spermophilus), the steppe marmot or bobac (Arctomys 
bobac), the dwarf rat-hare (Lagomys pusillus), the saiga antelope (Antilope 
saiga) and several others are known from Pleistocene deposits, and indicate 
a dry, continental climate when they lived. The saiga antelope, which at 
present dwells in eastern Russia and southwest Siberia, occurred even in the 
west of France. The Irish elk (Megaceros hibernicus), which became extinct 
in the postglacial period, also testifies to parkland and steppe; its 4-meter 
spread of antlers certainly must have excluded any possibility of life in 
close woodlands. 

As Thenius showed, the proportion of Lower Pliocene steppe dwellers in 
Europe increases toward the southeast, ie. in the direction of increasing 
aridity. 

Further reading: NEHRING, 1890; STROMER, 1939. 
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of 


Humid Climates 


Harris said: ““How about when it rained?” 
J. K. Jerome, Three Men in a Boat, 1889. 


INORGANIC EVIDENCE 


Humid and not too cold climates differ from deserts in that chemical 
weathering is very active. The widely distributed white clayey sediment, 
kaolin, which originates from the weathering of feldspar-rich granites, 
porphyries, etc., is a typical deposit which is of economic importance as 
a china clay. It is often carried into basins to form the lignitic clays and the 
like, included in the Tertiary succession. We have already seen (Chapter 4) 
that kaolin appears in the deeper parts of laterite profiles, but it also seems 
possible for it to develop in slightly cooler but still sufficiently humid 
climates. 


Traces of the once greater rainfall of the Pleistocene “‘pluvial’’ phases are 
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Fic. 55. Orp Laks TERRAcss oF LAKE BONNEVILLE, UTAH 
Evidence of a pluvial phase (after Gilbert, 1890). See fig. 56. 
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conspicuous in all deserts, where they show up in widely ramifying river 
systems, fossil remains, prehistoric artifacts, and in classical fashion in the 
splendidly preserved lake terraces of Lake Bonneville and Lake Lahonton 
in the now almost dry Great Basin (figs. 55-56; fundamental papers by 
Gilbert, and Upham). These terraces were correctly identified by the 
Franciscan monk Sylvestre Veléz de Escalante as early as 1776 (Ives). 





te 


Fic. 56, Present LAKES (LEFT), AND PLEISTOCENE (PLUVIAL) Lawes (RIGHT) IN THE 
Great Basin, Uran 


In the N.E., compare the present Great Salt Lake, with the vast Pleistocene Lake 
Bonneville (after Meinzer and R. F. Flint, 1947). 


PLANTS 


Peat bogs, and thus coal seams too, are always associated with wet, and 
often also with cool, climates (Chapter 5). This applies to an unusual degree 
to the constantly waterlogged raised bogs where Sphagnum moss is typical. 

A fluctuation between wetter and rather less wet periods is apparent in 
postglacial peats in the now greater, now lesser humification. In relatively 
arid phases, the peat decomposed to a greater extent and gave rise to light 
beds (recurrence surfaces); among these, the much discussed Grenzhorizont 
of the north German peat bogs has been equated with the postglacial 
Climatic Optimum. Research by Granlund, Overbeck, and others has shown 
that there were several dry phases in the postglacial period. 

The Tertiary floras also provide important pointers to the amount of 
rainfall, for they may be compared with Recent genera. From such com- 
parison, it is evident that the aridity of the Great Basin continuously 
increased during the Tertiary period (fig. 101). Chaney has calculated the 
following values for the annual rainfall of that area: 


Bridge Creek, Upper Oligocene a ae 40 inches 
Mascall, probably Miocene .. “a 27 inches 
Sonoma Tuff, Lower or Middle Miocene ss 20 inches or over 
Santa Clara, Upper Pliocene. . : Se 20 inches or over 


Altura, Upper Pliocene aes oe oe 16 inches or over 
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The present rainfall of the John Bay Basin also amounts to 16 inches, 
Axelrod has, in fact, reconstructed a Miocene-Pliocene rainfall map for 
southwest U.S.A. 

Tree ferns are moisture-loving plants which flourish luxuriantly in the 
heavy rainfall areas even in cool latitudes, e.g. in parts of New Zealand 
which have winter snows. 

In very wet climates, the leaves of many plants develop conspicuous 
drip-points (fig. 57). These serve to drain off rain water quickly. Drip-points 

are especially common in tropical and subtropical 
rain forests, but also occur in the wetter parts of the 
temperate zone; they are unusual in rain-deficient 
areas. G. Schindehiitte pointed out the climatic 
significance of drip-points in the Miocene flora of 
Eichelskopf in central Germany as early as 1907, 
and F. Kirchheimer systematically studied several 
German Tertiary floras from the Aquitanian to the 
Pliocene for leaves showing this feature. From the 
differing proportion of such leaves in the whole 
flora, it may probably be deduced that rainfall con- 
Fic. 57. Drip-point or A ditions varied in the course of the Tertiary period. 
Lower Tertiary Lear Jy Germany, the Lower Miocene floras of Lauter- 
Apocynphyllum dechem, ach and Eichelskopf, for example, are rich in 
Ogos ne) Mumeland drip-pointed leaves; so is the flora of Wiesa near 
(xl) (after Weyland, KR aacae 
Paleontogr. 1943.) 

More precise statistical results are afforded by 
the work of Chaney and Sanborn (Table 16); from these figures, it is 
apparent that the Goshen flora was a moisture-loving type. The opposite 
may not, however, be deduced from the smaller percentage of drip-points 
in the Bridge Creek flora as this developed in a temperate climate, and 
must, therefore, be compared with, say, the present redwood forests of high 
rainfall areas (annual precipitation 20-60 inches). 


TABLE 16 


PROPORTION OF LEAVES WITH DRIP-POINTS 
(DICOTYLEDONS; AFTER CHANEY AND SANBORN) 








Modern floras Panama lowlands (tropic) | 16% 
Californian Redwoods (temperate) 9% 
Fossil floras Goshen flora (Eocene) 47% 


Bridge Creek flora (U. Oligocene) 10% 


Atmospheric Pressure 
Distribution and 
Thunderstorms 


I would give part of my life to know the mean baro- 
metric reading in Paradise. = 
G. C. LicutENBERG (1742-1799) 


THE RECONSTRUCTION OF PRESSURE SYSTEMS 


The approximate position of high- and low-pressure areas is revealed 
by climatic maps, and when the distribution of climatic belts during any 
one epoch in the past is known sufficiently accurately, the pressure distri- 
bution can also be given in broad outline. But our climatic maps for past 
ages are far too inaccurate, and suffice at most to allow only isolated state- 
ments of this kind. Thus, for example, the desert belts, in so far as they are 
known, can be equated with high-pressure areas. In any case, such 
theoretical considerations produce only fairly vague details of pressure 
distribution. 

Wind is of much greater paleoclimatic significance, for since its origin and 
direction are controlled by the pressure gradient it likewise permits the 
reconstruction of pressure distribution. The direction of the wind in past 
periods can be demonstrated directly, and leads to precise conclusions 
regarding pressure distribution. Here, we are interested, not so much in the 
fact that the wind did blow, for we have already discussed its geological 
effects where they were particularly conspicuous, namely in deserts 
(Chapter 6). Its strength and, above all, direction are now of much greater 
significance. 

More than with other climatic phenomena, it must be borne in mind that 
random events may be recorded which need not always correspond with 
average conditions throughout the year (see section on wind direction, 
particularly under J, 5, 11 and 12). 


Wind Strength 


Only rarely can the wind strength be determined with fair accuracy from 
geological data though it may, in many cases, be estimated from the grain 
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TABLE 17 


RELATIONSHIP BETWEEN WIND VELOCITY AND GRAIN 
SIZE OF SAND (AFTER SOKOLOV) 


WIND VELOCITY IN M.P.H. | MAXIMUM GRAIN SIZE IN mm. 


10-3-15°4 0-25 
15-4-19-3 0-5 
22:5-26-2 1-0 
26-2~29-9 15 





size of the sediments (Table 17). H. Poser found, thereby, that the late 
glacial dunes of north Germany were formed largely by winds with a velocity 
of 5-6 m/sec. (12 m.p.h.), which corresponds to strength 5 on the Beaufort 
Seale 2 m. above the ground. 

Typhoons, with wind velocities of as much as 190 m.p.h., can leave coarse, 
poorly sorted pebble beds behind on atolls. McKee observed such sediments 
on Jaluit-Atoll, in the southern part of the Marshall Islands, after hurricane 
“Ophelia” on 7th January 1958 and considered that he could detect similar 
older deposits. 


Wind Direction 


Wind direction may be determined in a number of different ways. 

1, Form of dunes and wind ripples.—Transverse dunes have a cross-section 
which has a gentle windward slope and steeper lee-slope. The horns of 
barchans curve around to point in the direction in which the wind is blowing 
unlike those of paraboloid dunes, whose extremities are fixed by vegetation 
so that the central part migrates more quickly (fig. 58). Seifs lie parallel to 
the wind direction. 

Sources or Error.—The position of the flatter and steeper slopes may 
be altered by later winds. Solger regarded the postglacial sickle-shaped 
inland dunes of north Germany, whose west faces were flattened, as bar- 
chans, formed by east winds, but developing flat western slopes because of 
later winds. Louis and Woldstedt, however, look upon them as paraboloid 
dunes formed at a time when the west wind was already blowing. Ripples 
can indicate small-scale local conditions. Prevailing winds need not have 
coincided with dominant winds, i.e. those which had the greatest effect in 
producing sedimentary structures. Thus, according to Ives, the dune-like 
mega-ripples of the Great Salt Lake area were produced by the stronger 
N.W. winds, although the wind blows most often from the S.E. 

Examp.es.—The asymmetrical “sand ridges”, up to 10 m. high, under the 
Kupferschiefer (Lower Zechstein—“‘Weissliegendes”) were recorded as dunes 
by Meinecke; since their flat sides face S.W. the wind blew from that 
direction. From the orientation of the barchans, in the Permian red beds of 
Central England—opening to the S.W.—Shotton deduced a N.E. wind. 


Atmospheric Pressure Distribution 7% 


Keilhack described 1500 m. long seif dunes running dead straight from 
N.W,-S.E, in the Miocene sediments of Hohenbocka, and produced by a 
N.W. wind (the dune orientation alone, of course, indicates either a N.W. or 
a §.E. wind). Northerly winds gave rise to wind ripples in the Permian 
Coconino Sandstone (Reiche, McKee; see Chapter 6). 

2. Cross-bedding in the dunes.—Cross-hedded units accumulate on the lee 
side of the dune, but the dip directions vary greatly because the plane of 
deposition is curved. (Jungst, Shotton.) 

Sources or Ennon.—Flowing water can also give rise to cross-bedding: 
too few measurements can lead to a false conclusion. 





LONGITUDINAL DUNE (SEIF) PARABOLIC DUNE 


Fic, 58. Dunes AND WIND DimEcTION 


EXxampLes.—Permian dunes in England (Shotton)—Paleogene dunes in 
the western foreland of the Urals formed by a N.E. wind (Lungershausen)— 
late glacial dunes near Valdivia (Chile) caused by N. to W.N.W. winds. 
(Illies). 

3. Wind-abraded pavements.—Polished surfaces produced by wind 
abrasion face into the wind. 

EXAMPLES.—Ventifacts near the base of loess of Wiirm age in Silesia face 
S.E. (fig. 59), so the wind was southeasterly. Postglacial facetted blocks east 
of Cologne were caused by west winds (Jux)—Pleistocene ventifacts in the 
Big Horn Mountains by N.W. winds (Sharp). 

4. Position of source areas.—The grain size of the eroded material 
decreases away from source till, in extreme cases, loess finally appears as 
the finest sediment. 

Sources or Error.—tThe relation of dunes, etc., to their source area is 
not always sharply defined. Grain size varies not only horizontally but also 
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vertically, often to a much greater degree; even when we are dealing with 
what we consider to be a single horizon, we may in fact be comparing 
sediments which are not strictly contemporaneous. 

Exampies.—East of the Rhine plain near Cologne, there is a sequence, 
sand, sandy loess, loess (Breddin, Jux), suggesting that the wind blew from 
the west. The eolian sands of the Last Glaciation are coarser in Holstein than 
they are further west, hence the wind was easterly (Dicker). 

5. Rain pits.—These are elongated in the direction of the wind, and 
because of the oblique impact of the drop, have unequally developed 
ramparts which are absent on the side from which the wind blew (Reineck). 








Fic. 59. WIND-BLASTED PAVEMENT BELOW UPPER PLEISTOCENE LoeEss, Niemcza, Silesia 


Arrows indicate the larger wind-polished faces. These face south-east (after Tietze, 1914). 


Sources oF Error.—The wind direction at the time of an individual 
shower may vary greatly from the prevailing direction, thus giving a chance 
value. 

ExampLes.—Rain drops described by Lyell (fig. 50, right) from the 
Carboniferous of Nova Scotia, and in the Rotliegendes of Martinstein (Nahe 
Basin, Reinecke) where the wind blew from the southwest. 

6. Accumulation of mussels, etc.—In bays or inlets of seas and lakes, 
mussels and other shells tend to accumulate on the shore against which the 
wind-generated waves break. Mistakes can occur, because we usually can 
only see a small section of the shore line. 

Exampies.—In west Holstein, the beach sands of a narrow arm of the 
Eem Sea, which dates from the Last Interglacial, carry winnowed valves of 
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mussels virtually only on the east shore (Dittmer): therefore the wind was 
westerly. Pollen accumulations tend to occur on the eastern margins of pools 
of Eocene age in the Geiseltal moor (Voigt), another indication of a west 
wind. 

7. Water ripples.—Ripples formed in shallow water may also reflect the 
prevailing wind direction, though often the trend of the coast line has a 
greater influence on ripple orientation than has wind direction. This 
constitutes a possible source of error. 

ExampLes.—The N.W.-S.E. trending ripples in the Lower Carboniferous 
Bedford Formation of Ohio. According to Hyde (1911) these were occasioned 
by the N.W.-S.E. trend of the coast, but Bucher, Pepper, de Witt, and 
Demarest all regarded them as products of a monsoon wind blowing 
alternately to and from a land mass in the northeast. 

8. Ocean currents.—These do, in fact, correspond to the earth’s major 
wind systems, but fossil currents can only be reconstructed from indirect 
evidence (see, for example, the Tertiary climatic map, fig. 105) and so they 
yield only very uncertain results. 

9. Disposition of coral reefs——The convex side of horseshoe atolls faces 
into the wind; the finer coral debris accrues mostly on the lee side (Ladd, 
Tracey, Wells and Emery). The attitude of the Niagaran (Silurian) reefs in 
North America resulted from a south wind (Lowenstam). 

10. Arrangement of corries.—There is a preferential arrangement of corries 
on the lee slopes of mountain crests, for snow is driven there from across the 
crest and accumulates to give rise to corrie formation (Enquist, 1916-1917). 
Most of the Pleistocene corries lie on the N.E. slopes of the Black Forest and 
on the N.E. and E. slopes of the Riesengebirge, hence the wind was westerly. 

11. Volcanic tuffs.—Numerous recent examples have shown that during 
volcanic eruption, ashes are carried for long distances by the wind, the 
deposits becoming finer-grained and thinner with increasing distance of 
transport. Icelandic examples are afforded by the eruptions of Hekla in 1300 
and 1947 (fig. 60) (see Thorarinsson’s maps), Asja in 1875, and Oerafaejokull 
in 1372. 

Sources or Error.—During long transport, the wind direction may 
change several times, e.g. the Hekla outbreak in 1947 deposited tuff in 
Finland (Salmi, Thorarinsson; fig. 61)—see also the Glacier Peak example 
dealt with later. The wind can blow in quite different directions at different 
altitudes. The direction of stratospheric winds during the 1883 eruption of 
Krakatoa is indicated by the S.W. and N.W. drift of the ash, which was 
thrown more than 30 miles upwards. The British National Antarctic 
Expedition of 1901-1904 observed that the smoke of the 13,000 ft. high 
Mount Erebus was borne towards the west and southwest by an easterly 
wind while a west wind prevailed at the foot of the mountain. Inclined vents 
likewise give rise to a unilateral distribution of tuffs formed of coarse, 
quickly deposited material. For this reason, the lapilli from the 1906 
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cruption of Vesuvius lic to the east of the volcano, though the wind at the 
time was blowing from the N.N.E. (Alfano & Friedlander, 1929, p. 61). 
The earliest observations stem from the noted Swedish chemist Berzelius, 
who, in 1822, together with “Baron Goethe”, examined the tiny Pleistocene 
Kammerbihl volcano near Eger. He found that ashes and scoriae had been 
carried to one side by the west wind. The stratigraphically oldest example 


HEKLA ERUPTION 
29th March 1947 


Thickness of ashes 
In cm. 











Fic. 60. DistRIBUTION AND THICKNESS OF VOLCANIC ASH ERUPTED FRO’L HEKLA, ON 
29th Marcu, 1947 


Wind northerly (after S. Thorarinsson, 1954. Compare with fig. 61). 


is the Lower Carboniferous volcano of Arthur’s Seat, Edinburgh, whose 
tuffs lie to the south because of north winds (Peach, Oertel). The Lower 
Eocene tufts of north Germany thicken northward, therefore the wind blew 
from the N. and N.E. (Illes). Characteristic bipyramidal quartz crystals 
from Mount Dore (Auvergne) occur in the Villafranchian Mastodon sands of 
Le Puy (Bout): this indicates a N.W. wind. Because of easterly winds, the 
tufis of the early Quaternary Kahusi volcanic massif in the Congo are only 
found to the west (Boutakoff). Near Olot, in northeast Spain, tuffs lic to the 
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east of a Quaternary volcano, and near the Laacher-See (Eifel) the pumice 
tuffs of Allered age were carried partly eastward, over a distance of as much 
as 300 miles, and partly southward, because of W. and N.W. winds. In the 
case of the Glacier Peak eruption, 6700 years ago, most of the ashes were 
blown toward the N.E. by the prevailing S.W. wind. Rigg and Gould have 
explained that aberrant occurrences of ashes were caused by a depression 
moving eastward. 





Fic. 61. Track oF THE HEKLA ASH FRoM 29TH Marcy To Ist Aprit, 1947, UNDER THE 
INFLUENCE OF VARIABLE WINDS 


In Iceland, the fall-out was affected by northeast winds, up to an altitude of 5,000 m., 
between 5,000 and 9,000 m. north winds blew, above 9,000 m. ash was carried first S.E., 
then N.E.; over Finland, it was brought down by rain (after Salmi, 1948). 


12. Overturned trees.—Trees may be overturned in the direction in which 
the wind is blowing. Other factors may be involved, however, e.g. the slope 
of the ground (Dorf, 1933), flowing volcanic ash (Dickerson, Pliocene 
petrified forest north of San Francisco), avalanches, and meteorites (as in 
Siberia, 1908). Tornados may not travel in the same direction as the 
prevailing wind. The many overturned tree trunks in the Oligocene lignites 
near Bitterfeld (central Germany) are mostly suggestive of west or northwest 
winds (Hintze). 

13. Tree roots.—On the windward side of the tree, the roots run more 
nearly horizontally than on the leeward side. The roots of Carboniferous 
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trees near Sheffield (Sorby, 1875) are indicative of west winds; winds blew 
from the same quarter while the Miocene trees grew near Cologne (Krames), 
14. Cross-section of tree trunks.—The maximum diameter of the stem 
often lies in the direction of the prevailing wind (E. Assmann, G. Miiller, 
fiz. 62). But there is also a tendency for it to be either in a north-south 
orientation, or else downslope, so errors can arise. (See Chapter 25.) 
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Vic. 62. Eccentriciry or Spruce TRUNKS, AND WIND DIRECTION IN BAVARIA 


Measurements taken 4 ft. above ground. Rose shows the frequency distribution of 
orientation of greatest and least diameters of the trunks, and wind direction (of winds 
greater than 11 knots). Prevailing west wind, therefore greatest diameter E.W. (after 
G. Miller, 1959), 


The various climatic indicators enumerated here vary greatly in reliability 
and applicability; some have little more than curiosity value, since the 
phenomena required for the reconstruction of wind direction can probably 
be observed only rarely. 


THUNDERSTORMS 


The frequency with which thunderstorms occur varies greatly from place 
to place; on average, the number of thundery days each year is 322 in Java, 
17 in Europe, 0°7 in Greenland. K. Andrée has given us a comprehensive 
account of the little that is known about thunderstorms in past epochs. 

Sand-fulgurites (Blitzréhren) are of the greatest significance; they originate 
when lightning strikes sand and causes the sand grains to fuse together in 
chains which are often several meters long (fig. 63). The first description 
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probably stems from Hermann, the learned parson of Massel, near Breslau, 

in 1711. although he, in fact, regarded the structure as a petrified root. 

Priestley’s observations (1790), and Darwin’s detailed account of fulgurites 

in the La Plata district (1832) should also be mentioned; so too should those 

of the Atlantic seaboard, described by J. J. Petty. 

The Sahara fulgurites described by Lacroix are 

probably partly subfossil, and correspond to a period f 

when thunderstorms were more frequent than they 

are today (Schoeller). Fi 
There are, seemingly, only two known examples / 

of real fossil fulgurites: one from the Cretaceous 

sands of New Jersey (Barrows, 1910), the other 

from the Miocene sands of Oberlausitz (W. Fischer, 3 . 


1927). In neither of these cases, however, can the % 
possibility of a very recent origin be ruled out 
completely. ; 


Rock-fulgurites, caused by the melting of solid 

rocks, and their resolidification as glass, are known 

to occur on mountain peaks, e.g. Mont Blanc 

(Saussure. 1787). They have not yet been observed 

in the fossil state, for it is very unlikely that such oar 

exposed sites could ever remain uneroded. s 
Chapman and Alexander (1929) also regard 

australites, the tectites found in Australia and else- 

where, as fulgurites. Unlike other investigators, 

they do not explain these enigmatic vitreous rocks 


as meteorites, but rather as atmospheric dust fused oe “ 
by lightning. G. S. Hawkins (1960) considers all ri 
tectites 1o be fulgurites. é Se 


The fragments and beds of charcoal in the Ter- 
tiary lignites of Germany are probably a direct 
T ightning: G , have originated through 
pies in er ce ‘TM. Harris has Lensth 70 em. Specimen 

D Pigs \eed in Geol. Inst., Rostock. 
described similar charcoal from the Jurassic rocks (photograph by kind per- 
of Yorkshire, and from the Mesozoic strata of mission of v. Biilow.) 
Greenland. Whether the fusain of the Carboniferous 
bituminous coals may be explained in like manner, remains to be seen. 
Shattered wood fragments in the Lower Tertiary amber of Hast Prussia, 
and a Carboniferous Cordaite stem, coalified in the middle, have also been 
attributed to lightning. 

Lastly, we must mention the Chilean saltpeter, for according to Pissis, 
Rogers, and van Wagenen, the nitrate resulted from nitrogen fixation caused 
by lightning discharges. 


Further reading: ARBENZ, 1923; Grunp, 1928. 


Fic. 63. Recent Sanp 
FurcurirE, Mecklenburg. 
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Hail 


The appearance of hail is nearly always associated with thunderstorms, 
Over 100 years ago, Redfield interpreted the oval to angular markings in 
the Lower Trias Shale of New J ersey as the imprints of nailetonés on ni 
Though this is possible, it remains unproven. 


Seasonal and 

Long-term 

Climatic Variations 
Well, you know what I think it is—I think it’s 
sunspots. 


T. Wiiper, Mrs. Antrobus, in “The Skin of Our 
Teeth”, 1942. 


SEASONAL BANDING 


Banding in Recent and Glacial sediments 


There is no reason to assume that the earth’s axis has not been inclined 
throughout the last thousand million years, so we may take it for granted 
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Fic. 64. Late GLAcIAL VaRvED Ciays, LeppAnosni, FrXtanp 
Thickness of section 3-4 m. (Photograph: H. Kinzl, from R. v. Nlebelsberg, 1949.) 


that there have been seasons ever since the Archaean era. Both their nature 
and the degree of change from season to season may, however, have varied 
as is shown by a comparison of the present equatorial zone with temperate 


84 Climates of the Past 










# carterttin’ nn 


yy. 


mepwrne o 
“ oes 





ae *: 
7” 


i oe Ye 
aoa Tete : 
2h 
ue 










7 te os ¥ 
x. 4+ . & 
z . aati 







bet 


pet pei Pete as 


FES san tee 


Fic. 65. BANDED SLATES BELOW THE HURONIAN TILLITES 
Probably a varvite, Cobalt, Ontario. (Photograph: M. Schwarzbach.) 


latitudes. In any event, demonstration of seasonal banding is of interest 
both for its own sake and also for chronological purposes. 

Where there is a considerable seasonal variation in climate, the conditions 
of sedimentation must also change greatly, and distinct seasonal banding 
may form (general account by R. Brinkmann, 1932). 

The best-known example of this is afforded by the Pleistocene banded 
clays, which were first investigated in masterly fashion by de Geer, working 
in Sweden. They were deposited in glacially impounded lakes, into which, 
in summer, a great deal of relatively coarse material was swept by abundant 
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melt waters. In consequence, the ‘summer bed” formed there was thick, 
light-colored, and sandy. In winter, the finest mud settled as a thin, dark, 
very clayey, “winter bed” (fig. 64). Two such related beds, at the most 
several centimeters thick, are known by the Swedish term varve. The 
number of varves naturally permits us to determine the number of years 
required for their formation. Fig. 65 shows an example of very old, probably 
glacially banded shales. 

The varves are most sharply defined in cold water where the increased 
viscosity and consequent decreased rate of settling of suspended sediment 





Fic. 66. SILURIAN GRAPTOLITIC SHALES SHOWING BANDING. Mauméya, Osto FJorp 


The very regular banding strongly resembles glacial varved clays (ef. figs. 64 and 65), but 
this banding is certainly not of glacial origin. Whether it is annual is not known, (Photo- 
graph: M. Schwarzbach.) 


lead to an especially marked separation of the different grain sizes (sorting; 
Sauramo’s diatectic varves). It is not, however, permissible to conclude from 
indistinct varves (symmictic varves) that the water was warm (as H. Korn 
did for varves in the Upper Devonian and Lower Carboniferous sediments 
of Thuringia) since other factors, especially the electrolyte content of the 
water, may be involved. Salis can produce rapid flocculation of all the 
particles and hence give rise to a poorly banded sediment. Fresh- and salt- 
water beds can be distinguished in this way in the Pleistocene varved clays 
of Finland. Seasonal change in the supply of sediment often appears to be 
less abrupt in the sea than in inland Jakes. Marine lamination is best 
developed in anaerobic sediments where there is no benthonic fauna to 
disturb the bedding, e.g. graptolitic shales (fig. 66), and the Oxford Clay in 
England. In many cases, fine banding originates solely through periodic 
C.P.—7 
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admixture of organic material and not through any change in grain size 
(Bradley). 

Among recent examples of well-laminated, probably annually banded, 
lake sediments are those of Lake Louise and Lake Cavell in the Canadian 
Rockies (Johnston, Kindle) where the varves are 4 cm. thick, Lake Zurich 
(fig. 67) where some of the beds are 
dateable historically (Nipkov, Min- 
der), and Jakes in France (Dan- 
' geard). Marine laminations are to 
‘be seen in the Black Sea (Arch- 
_ angelski), and in the littoral zone 


of the Adriatic (Seibold). 





Banding in Non-glacial and pre- 
Quaternary Sediments 









! 
‘Ign i 


1909 Apart from the banded clays of 
1908 ' the Pleistocene period, there are 
! 1907 ! 7 

: 1908 | many examples of regular Jamina- 

| Melosina ist. ¢, heretics ' tion from Precambrian times on- 

1905 
1904 ' ward, but hardly ever has any 
ler rove that 
Ae attempt been made to prov 





this banding is annual. We should 
not, therefore, speak of beds of un- 
certain origin as varves or varvites, 
as B. Misar (1960) and others have 
proposed. 


There are several cases where the 
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Fic. 67. Recent Mup snowinc ANNUAL 


Banpinc, LAKE OF ZURICH 
Deposited between 1899 and 1919. The 
sediment laid down in 1918, and more 
especially in 1900, is unusually thick, 
because of slumping from the banks. 1906 


annual nature of the bands appears 
to be fairly well established. In the 
Faulenseemoos, on the southern 
shore of Lake Thun, Welten has 
shown that the fine laminac of the 


marks the first appearance of the calcareous 
alga Melosira islandica var. helvetica (after 


Nipkov, 1920, from Minder, 1938). 
[Zeuge der Uferrutsch= Evidence of bank slumping.] 


postglacial deposits contain differ- 
ing pollen assemblages. The lighter 
beds developed in summer, the dark- 
er beds in autumn, winter, and early 
spring. The thickness of the annual bands varies between 0°5 mm. and 2'4 mm. 

In the siliceous earths of Luneburg Heath in northwest Germany (Dewall), 
the light beds of the banded diatomaceous sediments are composed almost 
entirely of tests of Melosira italica, whose optimum development occurs in 
autumn. In contrast to this, the dark bands contain numerous other 
diatoms. such as Synedra ulna, which are most abundant in May. The light 
bands were therefore deposited in autumn, the dark bands during the rest 
of the year (see also Giesenhagen). 
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H. Remy has suggested that pollen analysis indicates that the fine bedding 
of the Villafranchian beds at Villaroya, Spain, is probably also annual. 

At Rott, near Cologne, the exceedingly fine (0°03 mm.) bands in the 
Oligocene leaf-coals are alternately pollen-rich and pollen-poor, though the 
pollen-poor bands contain a relatively high content of Pinus pollen (Krieger; 
see Schwarzbach, 1952). This is probably a seasonal variation, caused either 
because Pinus bloomed later than the other pollen-bearing plants, or 
because its pollen took longer to settle (fig. 68). 
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Fic. 68. Rayrmonc VARIATION IN POLLEN ConTENT OF A BANDED LEAF CoAL, OLIGOCENE, 
SIEBENGCBIRGE (GERMANY) (from research by W. Krieger) 


The coal examined was 0°8 mm. thick, and contained 24 layers; some pollen rich, others 
pollen poor (solid line). The content of Pinus pollen (dotted) varies inversely with the total 
pollen content. Rhythms probably seasonal. 


In the sandstones of the Oligocene Molasse, near Lausanne, in Switzer- 
land, there are fine lignitic intercalculations, 1-64 mm. apart, which may be 
attributed to the fall of leaves of poplar, alder, acacia, etc., in autumn 
(Bersier). 

The Eocene oil shales of the Green River Formation of the western United 
States are very finely banded (some of the laminae are only 0-014 mm. thick). 
The dark layers have a high organic content which is probably due to 
plankton production in summer. 

In the thick salt deposits of the Permian and other systems (Borchert, 
Fiege, Fiweg, Lotze, G. Richter-Bernburg) a distinct banding, 
“Jahresringe”, involving clay, anhydrite and halite, is often apparent. 
Those in halite beds have an average thickness of 5-10 cm., in anhydrite 
0-5-1 mm. If they are interpreted as annual, it is found that the period 
required for the whole deposit to form is so short that long breaks in 
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sedimentation have to be assumed (Borchert, Newell, Richter-Bernburg), 
Deposition of individual beds of salt may, however, take much more than 
a year. 

Here, and in the Upper Devonian and Lower Carboniferous sediments of 
Thuringia, whose history was investigated by Korn, it has been said that 
sunspot rhythms can be detected (fig. 73) in order to prove that the banding 
is really annual. Clear evidence of such rhythms would indeed constitute 
a proof, but in every case the observations are uncertain. Hence they can 
tell us little about whether the banding is annual. 





es 


Fic. 69. ANNUAL RINGS IN A CONIFER STEM, FROM THE CRETACEOUS OF KING CHARLES 
Lanp (78° N.) (after W. Gothan, 1908) 


Seasonal Growth of Organisms 


The best-known example of seasonal growth is afforded by annual rings 
in trees (fig. 69). These readily enable determination of the age of both 
modern and fossil trees. Sequoias in the Miocene strata of Niederlausitz 
lived for as much as 3,000 years (Teumer). 

Annual rings are usually also present in the tropics. Yet, because of the 
scarcity of its rings, the wood which formed the Carboniferous coals has 
been attributed to a completely uniform climate without seasons (especially 
by H. Potonié). But the Carboniferous climate can hardly have been more 
uniform than the present equatorial climate. It is more probable that, at 
that time, plants were still insufficiently advanced to be able to react to 
seasonal variations by the development of growth rings of varying thickness 
(Antevs, Schwarzbach), Finds from the colder Gondwanaland, where 
annual rings appear rather more frequently, suggest that only where the 
seasons were very marked did this ability manifest itself. 
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Conifer branches too, sometimes exhibit growth cycles by an alternation 
of long and short shoots. This cycle has been observed in the conifer 
Elatocladus from the Lower Tertiary of Saxony (E. Fischer), and in the 
Carboniferous seed fern Neuropteris (R. Potonié). 

By analogy with present conditions, seasonal variation can often also be 
regarded as the cause of structures in fossils. The hard parts of organisms 
frequently exhibit growth rings, e.g. in the brachiopods, pelecypods, corals, 
fish scales and otoliths. In many cases, these, too, are probably annual—the 
age of fish is estimated by means of their scales—but other much shorter 
growth cycles also occur (see p. 91). In belemnites, it has been shown 
directly with the help of the 0/!80!6 method that the animal produced 
several growth rings per year (Chapter 11). 

The existence of an unfavorable season can also be inferred from certain 
adaptations of organisms. To this category belong the cysts of the water 
flea (Daphnia), very common in the Oligocene sediments of Rott, near 
Cologne. 


Seasonal Nature of Geological Processes 


On the few occasions when the course of the seasons is known, there exists 
the possibility of classifying geological processes seasonally, and vice versa 
of delineating the seasons of the past by means of certain phenomena, In 
this connection, people have spoken rather daringly of fossil phenology 
(Heim, sce also Deecke, 1930). 

Thus, animal tracks are found only in the “summer beds” of the 
Pleistocene varved clays of Silesia (Schwarzbach). I. Voigt observed that 
the otoliths of the Eocene fish of Geiseltal all terminated with the same 
ring, and thereby concluded that the fish perished in a sudden seasonal 
catastrophe (summer drought). O. Heer could state accurately the season in 
which certain shale laminae from Ocningen were formed; the spring laminae 
contained blossoms of the poplar and camphor tree; the summer ones, flying 
ants and fruits of the poplar, elm, and willow, and those formed in autumn, 
the fruits of the camphor tree, persimmon, and traveller’s joy (Clematis 
vitalba). In the same way, Murr (1926) was able to ascertain that the land- 
slide which gave rise to the famous interglacial “Hottinger Breccia”, near 
Innsbruck, took place in May because as well as young leaves of the Pontian 
Alpine rose and of Salix glabra there are also fruits of the sycamore. 
According to T. Einarsson, the postglacial beds of volcanic ash in Iceland 
originated, at least partly in late summer or autumn, because the vegetation 
was not harmed, and there was no crosion by melt waters. 

It is amusing to note that similar considerations were among the earliest 
paleoclimatic speculations, for in the eighteenth century, attempts were 
made to determine from fossils, when the Flood began. Woodward (1702) 
and Scheuchzer (1723) thought it occurred in May; Parsons (1758), in 
autumn (see 5. Dorf, 1955). 
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Changes in Weather Throughout the Year 


There are other climatically controlled beds apart from seasonal banding; 
due firstly to the influence of weather, and corresponding to only a short 
period of time such as a day, and secondly to long-term climatic fluctuations 
of the order of several years or even centuries. It is extremely difficult to 
distinguish between all these cases, though it is very desirable to do so in 
order to prevent false conclusions from being drawn regarding the climate 
or the time required for the beds to be deposited. 

Witte SiiAWan ARES Where climatic factors change over a 

BI NUMBER THICKNESS DISTINCT period of days or weeks, it is better to 
44 6 = speak not of climatic changes but of 
changes of weather, since these changes 





& ii vary irregularly from year to year and 
= 21 1-0 2 are completely dependent on more or 
3 less chance factors. 
=e ia om The Pleistocene banded clays often 
= exhibit, within the sharply defined 
eS 2. ao a annual varves, very fine laminae which 


WiRTER are especially common in the summer 
i : : beds (fig. 70). These may be designated 

Fic, 70. ‘“DrurNaL VARVES” IN AN ,, 4. a h d 
ANNUAL LAYER oF A Pieistocenr diurnal varves”, although they nee 
BanpED Ciay. Riss or Minpet not always correspond to one day. In 
GLACIATION general, there is no reason to fear that 

Silesia (cf. fig. 64). The supply of annual and diurnal varves may be 
sediment changed at least 158 times confused one with the other, although 


bi year Ps the jena! impounded Taisen says hist dé Geer Iineelf once 
a By AE ee eR Tena: » ed so, and consequently, in Denmark, 


counted 2,500 years instead of 129. 

The origin of diurnal varves is easily explained when one considers that 
the volume of water in present glacial outflow streams varies not only 
between summer and winter, but also quite regularly between day and night 
(fig. 71). This means that the mud content, and hence the character of the 
sediment, changes from day to night. The finer beds form at night. It is, of 
course, quite possible for only one bed to form in several days, as in periods 
of bad weather, but it cannot be assumed that several beds can form in one 
day. Now, in a carefully studied example, dating from the Saale or Elster 
Glaciation in Silesia (Schwarzbach), wp to 158 diurnal varves could be 
counted, whence it follows that considerable melting of snow and ice 
occurred on at least 158 days of the year; the climate at the time was 00 
longer strictly polar. Yet at that time the Scandinavian Ice still had not 
attained its maximum extent; so the greatest development of ice lagged 
behind the climatic minimum. 


Diurnal beds also appear, according to the description given by Banks, 
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Loveday, and Scott, in the Permian “varves” of Tasmania. Iti is, of course, 
unusually difficult to recognize short-term beds in pre-Quaternary sedi- 
ments, where, indeed, even annual banding cannot be definitely established. 
Fourfold division of a bed has occasionally been interpreted as the result 
of two rainy seasons per year, with the conclusion that the area was near 
the equator. This has been done in the Lower Carboniferous of Thuringia 
by H. Korn, and in otoliths from the Eocene sediments of the Geiseltal, near 
Halle, by E. Voigt, but their conclusions are not reliable. 

Tidal lamination is a special case of short-term bedding. Ebb and flow 
give rise to a fine banding in the tidal flat sediments investigated by 
Johnstone (Fraser River delta, British Columbia), and on the North Sea 
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Fic. 71. VoLuME OF WATER IN GLACIAL RuN-OFF STREAM, DORABALTEA, SOUTHERN ALPS 
(after Alficri, 1938) 


Distinct rhythmic diurnal variations closely parallel the temperature variation and result 
in oscillations in the amount of mud carried in suspension. Diurnal varves (fig. 70) can 
then form. 


coast by Van Straaten, R. Richter, Trusheim, Hantzschel, and others. But 
this is of little paleoclimatic interest. 

That growth lines, which may correspond to a day or a few days, also 
appear in the hard parts of animals, has best been shown by Orton’s 
observations on Cardium edule, and Davenport’s on other Recent pelecypods. 
Davenport ascertained that Pecten in Cold Spring Harbor developed up to 
145 daily growth lines followed by one thick winter line corresponding to the 
winter pause in growth. In the warmer area of Florida, Pecten gibbus shows 
no winter line, but Pecten eboreus from the Miocene of Virginia shows a very 
clear one. Davenport goes too far in deducing that the Miocene winters 
were more severe than today’s, and also in his other conclusions; the results 
of so few Recent observations may not be applied so definitely to deter- 
mining past conditions, though these observations open up an interesting 
prospect. 
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LONG-TERM CLIMATIC VARIATIONS 


Secular variations in climate, long-term cyclic changes extending over 
tens, hundreds, or even many thousands of years, must also be expressed in 
the character of the sediments, but they are even more difficult to recognize 
than annual banding. 


Tree Rings 


The Quaternary Period provides the only exception; the repeated changes 
between glacial and interglacial phases are reflected in many geological 
findings. One need only recall the floral and faunal changes, the river and 
marine terraces, or the exceedingly important deep-sea sediments. These 
climatic variations took place over the order of tens of thousands of years. 

Very much smaller climatic changes are indicated by the varying widths 
of successive annual rings in trees. The cause of this variation in width lies 
only partly in climatic changes, among which it is difficult to distinguish 
between the effects of temperature and rainfall; condition of the site of 
growth, insects, grubs, etc., can all have some effect. The effect of climate is, 
however, always dominant, so that one may attempt to draw conclusions 
regarding the climate from the curves showing the width of the annual rings. 
Different trees are compared with each other, and the different curves 
related to each other in time, to build up a “dendrochronology”. This type 
of study has been particularly widely developed in North America (Douglass, 
Schulman; Huber in Europe), but of course spans only the last few thousand 
years. 


Sunspot Cycles 


Attempts have been made to detect in the annual rings of trees, one of 
the best known present-day cycles, the sunspot cycle. 

Sunspots vary fairly regularly in frequency over a period of, on average, 
just over 1] years (with a range of from 7 to 17 years; fig. 72). Riccioli 
suggested as early as 1651 that sunspots affected the weather, and the 
question has been repeatedly investigated since then, e.g. by Koppen. 
Regular observations of sunspots are available from 1820 onwards. In fact, 
there is a relationship, but not a very close one. To be sure, the temperature 
curve of the tropics follows a course which largely parallels that of the curve 
of relative number of sunspots!, but deviation from the mean still never 
reaches 1° C. Generally speaking, no clear relationship may be recognized 
in other latitudes. 

Yet, according to Willett, major fluctuations in sunspot activity affect 
climate in middle latitudes of the Northern Hemisphere (Table 18). Each 
major fluctuation comprises three or four 11-year cycles. Accordingly, in 


i Relative number R = 10g — f, where g is the number of sunspots, and f is the number of 
individual spots. 
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these latitudes, the period of about forty years when there is a high relative 
number of sunspots is characterized by slightly higher temperatures. Rain- 
fall behaves differently from area to area. 

It would, therefore, be most astonishing if we could recognize the effect 
of sunspot cycles in fossil sediments. Yet such cycles are claimed to have 
been detected in many places—in the Precambrian of the Urals and 
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Fic. 72. SUNSPOTS AND TEMPERATURE 


Above, relative number of sunspots (r); below, deviation of temperature from mean value 
(°C). Only in the tropics does the temperature curve parallel the sunspot curve (from 
Képpen, 1914), 


Angaraland, in the Upper Devonian and Carboniferous of Thuringia, in the 
Permian of Australia, South Africa, Texas, Siberia, and Germany, in the 
Upper Jurassic and Eocene of North America, in the Pleistocene varved 
clays and dunes, and in the Recent silt of Lake Sakski in the Crimea. 
H. Korn, and Richter-Bernburg have probably investigated this problem 
most thoroughly, but their results are not conclusive. The unbiased observer 
can detect no regular 11-year cycle in Korn’s curves (fig. 73), nor in those 
given by Anderson and Kirkland for the Jurassic Todilto Formation, by 
Bradley for the Eocene Green River Shales, or by Lungershausen. The most 
objectionable feature of Richter-Bernburg’s curves is the fact that they were 
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TABLE 18 


MAJOR VARIATIONS IN SUNSPOT ACTIVITY AND CLIMATE 
(MIDDLE LATITUDES OF THE NORTHERN HEMISPHERE; 
AFTER H. C. WILLETT) 


SUNSPOT MAXIMUM 





MEAN RELATIVE 

















_SUNSPOT MAXIMUM | TEMPERATURE RAINFALL 
YEAR | RELATIVE NO. | NUMBER 
1750 83 
1761 86 
1769 106 102 Above average 
1778 154 
L787 132 
i 
1804 48 
1816 46 55 Mostly below average 
1830 71 
1837 138 
1848 124 124 Partly above average | Mostly below average (but 
1860 96 high in N) 
1870 139 | 
1883-4 64 
1893 85 71 Below average Partly above average 
1905 64 
1917 104 | 
1928 78 112 Above average Below average (but higher 
1937 115 in N) 
1947 152 


obtained not from exact measurements (this would certainly not have been 
easy in view of the fineness of the banding), but by counting the number of 
bands between “‘anomalous” ones, by which were understood—quite sub- 
jectively—unusually thick, or sharp, or doubled, or in some other way 
distinctive beds. “Surprisingly, an anomaly was present on an average about 
every 1] normal beds.” Because of its subjective bias, the impressive 
diagram with its maximum every 11:1 or 11:2 years has very little appeal 
for a more severe critic. 

Attempts to recognize a longer cycle by the same methods must also be 
regarded with scepticism. These include a 23- or 50-60-year cycle (Bradley, 
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Fic, 73. “Sunspot’’ Cycres 1n Upper DevonrIAN BANDED SHALES, THURINGIA 
Curve indicates the ratio of clay to lime in the bands. The horizontal axis, graduated in 
10-yearly intervals, covers a period of 160 years (after H. Korn, 1938, pl. XIII, curve I, 


315-475 years). According to Korn, the 11-year rhythm is “clearly recognisable”, but in 
fact. it is not particularly pronounced. 
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Lungershausen et al.) and a 170-, 200-, or 4,500-year periodicity in the 
Zechstein of Germany (Richter-Bernburg). Bradley even believed that he 
could recognize a 21,000-year cycle, the astronomical precession of the 
equinoxes, in the Green River sediments. 


SEASONAL BANDING AND ABSOLUTE DATING 


True annual banding permits the period required for the deposition of 
a bed to be determined directly. A single section, of course, usually only 
provides information about a short period of time, but by cleverly combining 
various sections, it is possible to obtain an overall picture, and thereby 
make a valuable contribution to our knowledge of the absolute chronology 
of the earth's history. 

G. de Geer applied this method in classic fashion at the beginning of the 
century; by counting the varves in postglacial impounded lakes of Sweden, 
he was able to calculate the duration of the postglacial period. Here, too, 
the profiles from many localities had to be combined, by comparing 
graphically, successive individual varves of different thickness. The values 
given in Table 19 were computed in this way. 


TABLE 19 


ABSOLUTE CHRONOLOGY OF LATE-GLACIAL PERIOD (IN 
YEARS B.C.) 


| DE GEER, LIDEN | SAURAMO 
Central Swedich moraines. . . - - . - + |} 7912 7858 
Salpansselka II (end-moraine in Finland)... | 8204 8150 
South Swedish moraines. . - - . - - | 13219 | 


In North America, E. Antevs, one of de Geer’s pupils, pursued similar 
lines of research. There, since the sections are not complete, the figures 
are not completely certain. Dendrochronology works in much the same way 
although for much shorter periods of time. The section in the Faulenseemoos 
of Switzerland, investigated by Welten, may also be mentioned here, since 
its annual beds can be dated back from the present time; it yielded the 
following dates: disappearance of ice from the Faulensee depression 
7,700 B.c., appearance of hazel and oak mixed woodland 5,050 B.c., appear- 
ance of beech 3,200 B.c. 

Such favorable conditions as prevail in postglacial times, due to the 
retreat of the ice sheets, are never found in earlier periods. At best, one can 
only attempt to calculate the length of individual periods of time with the 
help of annually banded sediments. Some examples of such estimates 
include: Chattian-Aquitanian of Switzerland 23-3 million years (Bersier), 
Mid-Oligocene-Mid-Miocene of the Caucasus 7} million years (Archangelski), 
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Eocene Green River Formation 5-8 million years (Bradley), therefore 
duration of Eocene 22:9 million years (Bradley). Two Silurian graptolite 
zones in the Lake District, England, 700,000 years; hence duration of the 
Ordovician and Silurian 9} million years (Marr) (see also fig. 66). 

In part, these values agree fairly well with those obtained with the help 
of radioactive mincrals; in part—especially for the Ordovician-Silurian— 
they are much lower. That implies either that there are great breaks in 
sedimentation or that no true annual bands are present. 


Further reading: Korrtnca, 1957 (moon cycles); A. J. WELLS, 1960. 
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Mathematical 
Investigation of 
Past Climates 


While I was writing this chapter (April 1830), I attended 
a meeting of the Geological Society of London, at which 
the President, in his address used the expression “a 
geological logician”. Smiles appeared on the faces of all 
who were present, and some, like Cicero’s augurs, could 
not suppress a laugh; so amusing appears the combina- 
tion of geology and logic. 
C. LyEt1, Principles of Geology. 


FORMULAE FOR TEMPERATURE DETERMINATION 


Climatic indicators do not represent the only way of reconstructing 
paleoclimates. It is possible, in theory at least, to approach the problem in 
a quite different, deductive fashion, and to attempt to treat it mathematic- 
ally. There appears to be such a close interrelationship between climate and 
geography (particularly the distribution of land and sea) that the paleo- 
geographic situation must permit some definite conclusions to be drawn 
about paleoclimates (morphogenic climate). 

As early as 1861, Forbes developed an empirical formula expressing the 
mean present-day temperature of any line of latitude (To) as a function of 
the latitude (9) and the percentage of land along the line (n). 

To = —10-8° + 32-9 cos $9 + 21-2n cos 29 
Kerner-Marilaun applied such a formula to Neumayr’s map of the Jurassic 
Period and calculated the following temperatures for different latitudes: 

70° N = 5°8° C; 30° N = 20°7° C:; Equator = 26:2° C; 30° S = 18°3° C. 

Kerner-Marilaun later devised complicated formulae in which, for 
example, distance from the Gulf Stream and its temperature, etc., were 
taken into account. He applied these formulae to past periods, and thereby 
attempted to allow at least for that part of temperature variation which was. 
due especially to the changing distribution of land and sea. Semper also 
attempted this sort of thing for the Eocene. He considered the effects of 
Warm ocean currents to be of prime importance. Brooks has calculated 
temperatures of the Holarctic region during each Period; these are based on 
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continentality (derived from very uncertain paleogeographic maps), mean 
height above sea level (which again is only an “intuitive” estimate), oceanic 
circulation (i.e. breaches in the circumpolar land ring), and volcanic activity. 
He has compared these estimated temperatures with “observed” tempera- 
tures derived from climatic indicators. 


Uncertainty of Such Formulae 


These papers are mentioned only because the methods are interesting: 
they are of no practical value in determining paleoclimatic data because 
climate is influenced by too many different factors. As a general rule, nothing 
definite is known about these factors. They cannot therefore be used in 
formulae. At most, one may arrive at reasonable values only for the very 
recent past, when paleogeographic conditions were already extraordinarily 
similar to those of the present day. In fact, Brooks’s estimates—e.g. for the 
period of the Littorina transgression in the Baltic, i.e. 4,000-7,000 B.P.— 
usually agree fairly well with the values which have long been established 
from climatic evidence. 


Physical Methods 
of Determining 
Paleotemperatures 


The medieval doctors of divinity who did not pretend 
to settle how many angels could dance on the point of a 
needle, cut a very poor figure as far as romantic credulity 
is concerned beside the modern physicists who have 
settled to the billionth of a millimeter every movement 
and position in the dance of the electrons. 

G. B. Saavw, preface to ‘St. Joan”, 1923. 


THE OXYGEN ISOTOPE METHOD 


The most modern technique available to paleoclimatologists is an outcome 
of the atomic age; it is based on isotope research and enables us to obtain 
‘direct’? temperature data. We could speak of “geological thermometers”’, 
were the term not already applied quite differently in mineralogy, to 
minerals which can be used to determine their temperature of formation. 

This method derives from H. C. Urey who, with others, worked on oxygen 
isotopes and thereby ascertained that the ratio of 018/016 in calcium 
carbonate, for example, was dependent on its temperature of formation— 
“I suddenly found myself with a geological thermometer in my hands.” He, 
Lowenstam, Epstein, and McKinney published their first remarkable results 
in 1951; these were based on Jurassic and Cretaceous belemnites. Each of 
the 24 growth rings of a Jurassic belemnite from Skye was investigated by 
this method, and the results were produced in the diagram, fig. 74. The 
temperature curve showed four “winters” and three “summers”; hence the 
animal produced several rings per year, and had lived for four years. On the 
whole, the temperature was slightly higher during the early part of its life 
than later, the seasonal range of temperature was about 6° C, the annual 
mean 17.6° C. Upper Cretaceous belemnites from England yielded tempera- 
tures of 14°-19°C (24°C in one case), those of the Maestrichtian of 
Denmark gave 12°-14°C, and 12°-18°C was recorded for the Upper 
Cretaceous of southeastern U.S.A. Najdin, Tejs, and Tchupachin calculated 
comparable values from the Upper Cretaceous belemnites of the Soviet 
Union (see also Tejs et al., 1957, and Table 28). 
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Fic. 74, TEMPERATURE CURVE OF THE JURASSIC SEA IN SKYE (SCOTLAND) DURING THE 
Four-YEAR LIFESPAN OF A BELEMNITE 


Samples were removed at various distances from the center of the belemnite (abscissa), 
and investigated using the 018/016 method. The temperature varied between 15° C and 
21° C (after Urey, Lowenstam, Epstein, and McKinney, 1951). 


Difficulties in the Use of the Method 


Corresponding investigations of brachiopods and oysters gave different 
results. The cause is to be found in the more porous nature of the shell, 
which permitted slightly different CaCO, to deposit later in the pores. This 
admixture falsified the temperature data. Such a difficulty is to be expected 
in many, if not most, fossils. Belemnites have unusually dense skeletons so 
this source of error is absent. In other shells, it becomes more important 
with increasing age of the sediment. 

Another source of error is that organisms need not form calcite throughout 
the year; thus the material analyzed only gives the temperature of some 
months. This factor can put the results out by at least a few degrees. For 
example, the Recent Globigerina inflata of the North Atlantic, yielded a 
temperature of 18°C by the 018/016 method, when the sea temperature 
there in fact varied between 18°C in February, and 25.5° C in August 
(Emiliani, 1958, p. 256). On the other hand, Globigerinoides rubra and 
Globigerinoides sacculifera probably reflect the summer temperature of the 
surface waters. 

Further, it must be observed that the 018/016 ratio in sediments is 
dependent on the initial ratio of the two isotopes in sea water which, in turn, 
is dependent on such factors as location of the ocean (tropical waters contain 
more 018 than those of the Arctic, because the water vapour pressure of 
H,0}6 is higher than that of H,O18). Moreover, the ratio is different in ice 
and water, so that a correction is advisable for glacial and nonglacial periods. 
It may also be supposed that the ratio has varied in the course of the earth’s 
history, although probably not by any substantial amount. At any rate 
there are a series of factors, known and probably unknown, which complicate 
the issue and make the technique applicable only in certain cases. 


Further reading: VALENTINE and Mrape, 1961. 
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Application to Abyssal Sediments 


This technique has been widely applied to the investigation of abyssal 
sediments because the tests of calcareous forams in abyssal deposits are also 
suitable for 018/016 analysis. Systematic investigation of cores, particularly 
by Emiliani, has shown that it is possible to obtain temperature curves for 
the Quaternary Period and also, probably, for the Tertiary. The curves can 


ISOTOPIC TEMPERATURE (°C) 





00 
DEPTH BELOW TOP (CM) 


Fic, 75. Curves or PLristTocene TEMPERATURES or SunFAcE WATERS AND TLooR oF 
THE OCEAN BY 018/016 InvrsTIGATION or A Drrp-sEA ConE rnoM THE LQUATORIAL ATLANTIC 
(Core 234, depth 3,577 m.) 


Interglacial phase? A = sea bottom, B = surface waters (after Emiliani, 1958) 


probably be equated in some way with the subdivisions of the Ice Age as 
they have long been known on the continents, although in what way is 
rather controversial. We know the life habitat of the forams which sank into 
the deeps after death and which are used for analysis. Many, such as 
Globigerinoides rubra and Globigerinoides sacculifera, lived near the surface 
of the ocean, and therefore provide an indication of the temperature at that 
level, though, as we have already seen, it may only be a seasonal tempera- 
ture. Other forams can be employed for analysis of the temperatures of the 
deeper parts of the ocean. 

Figure 113 shows an example from the northern part of the mid-Atlantic 

c.p.—8 
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(core 280, depth 4256 m.). In the upper 10 m. of abyssal sediments, the 
recorded temperature of the surface waters fluctuates between 11° C and 
18° C; ‘glacial’? and “‘warm”’ phases are readily distinguishable from the 
curves. These beds represent a time span of at least several 100,000 years, 
The rise and fall of the curves correspond in every respect with the results 
of the straightforward stratigraphic-paleontological investigations of forams 
from deep-sea cores by W. Schott and others. 

Figure 75 indicates that the curves of surface and bottom temperatures 
may be contrasted by using planktonic and benthonic forams. This example 
is derived from the equatorial zone of the Atlantic (core 234, depth 3577 m.), 
and probably represents an interglacial period. The bottom temperature 
follows the fluctuations of the surface temperature, although the amplitude 
is smaller; on the bottom, the difference in temperature between cold and 
warm phases is only about 4°C (in the Pacific, it is usually almost 
negligible). 

Emiliani also investigated the deeper part of this core 234 which, from the 
foram evidence, probably belongs in the Tertiary. Here, the calculated 
variations of surface temperature are smaller than in the Quaternary; the 
temperature fluctuated between 21° C and 25° C. 


THERMOLUMINESCENCE 


Certain minerals clearly emit light when they are heated. This property is 
termed thermoluminescence. It depends on the amount of natural radiation 
und temperature to which the rock has been exposed. Zeller and Pearn 
(1960) investigated the thermoluminescence of Antarctic limestones and 
compared it with experimental data. They deduced that during at least the 
last 170,000 years, the temperature of the Antarctic can at no time have 
exceeded 25° C for a period of more than 125 hours, i.e. that the Antarctic 
has een “cold” for at least 170,000 years. 

The method is still in its infancy, and, since it contains many sources of 
error, we still cannot be certain that these results are reliable. 
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Paleoclimatology 
and Economic 
Deposits 


Einem ist sie die hohe, die himmlische Géttin, dem andern 
eine tiichtige Kuh, die ihn mit Butter versorgt. 
J. W. v. GoretHe (1749-1832), 


Weathering and sedimentation, both of which are dependent on climate, 
are the dominant factors controlling the formation of numerous economic 
deposits. A close relationship exists between paleoclimatology and the study 
of ore deposits. Salts and coal are only two examples of sediments which 
clearly show this relationship. Hence paleoclimatology has a direct practical 
significance. Naturally, all magmatic ores are excluded here, or else we are 
primarily interested in their climatically controlled weathering phenomena. 
By no means all sedimentary ores come within the scope of this chapter 
either. 

Since the climatic evidence provided by different types of deposit has been 
dealt with fully in the chapters dealing with climatic indicators, and since 
their stratigraphic distribution is indicated in that part of the book dealing 
with historical paleoclimatology, it will suffice here to give a brief summary 
(see also the textbooks on different types of ore deposits, e.g. those by 
Bateman, and Schneiderhohn, and the paleogeographic maps by Chain and 
Ronov). As well as ores and “non-ores”, several sediments of particular 
importance, e.g. building stones, have been included here. 


Examples of Climatically Controlled Economic Deposits 

1. Deposits in Warm Climates.—Nickel silicates in serpentine (New 
Caledonia, Urals, Silesia); magnesite gel in serpentine (Styria, etc.); bauxite 
(see Krotov); salts; limestone. 

2. Deposits in Cold Climates.—Economic accumulates of blocks of ore in 
moraines (e.g. below the primary Cu,S chalcocite deposits of Kennecott, 
Alaska), Erratic blocks of ore give an indication of in situ ore bodies (e.g. the 
discovery of copper deposits of Outokumpu, in eastern Finland by 
O. Tristedt, 1910—see Laitikari, 1941); fluvio-glacial gravels (including 
probably the gold-bearing Witwatersrand conglomerates); loess. 
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3. Deposits in Arid Climates.—Ore deposits produced by concentration in 
arid regions; copper of red bed type (U.S.A., Urals foreland, Ricsengebirge, 
etc.); silver (Silver Reef, Utah); uranium-vanadium (carnotite in Colorado, 
Utah, Urals foreland); lead-zinc (deposits at Mechernich, on the northern 
edge of the Eifel are possibly of this type). Rich oxidation zone of ore 
deposits and often very thick cementation zone, especially in warm arid 
climates. Wind-blown eluvial and fanglomerate placers (diamond placers in 
Southwest Africa, many cassiterite placers). Gypsum, anhydrite, rock salt, 
potash salts, saltpeter. 

4. Deposits in Humid Climates.—Alluvial placers; lake and bog iron ores. 
In climates with wet and dry phases, bauxite, limonite and iron-manganese 
weathering deposits. In humid tropical climates, both the oxidation zone 
and the cementation zone of ore deposits are poorly developed; both are 
better developed in humid temperate regions. Coal; kaolin. 

With regard to coal, it should at least be mentioned that for certain 
petrographic reasons—which are of economic importance—it is thought that 
the cooler climate of the Younger Tertiary was responsible for the lignites 
of central Germany (H. Jacob). 


Part 2 
HISTORICAL PALEOCLIMATOLOGY 


Development of Climate throughout the 
Earth’s History 


[3 


Introduction and 
Precambrian 


While the Earth remaineth, seedtime and harvest, and 
cold and heat, and summer and winter, and day and 
night shall not cease. 

GEnEsis 8, 22. 


HISTORICAL PALEOCLIMATOLOGY 


The nature of the earth’s climate at any given time in the past may be 
inferred from a great many different pieces of evidence. The main objective 
of geologists engaged in this field is to collate this evidence, and thereby 
build up the most probable, and most internally consistent, climatic picture 
for each stage in the earth’s history. 

Of the many difficulties which have to be overcome, one of the greatest 
is that, because each geological period occupies some tens of millions of 
years (Table 20), the climatic evidence afforded by the strata of each system 
in different localities is not strictly contemporaneous. Since we know from 
studies of the Pleistocene Period that major climatic changes can occur over 
periods of only thousands of years, it follows that, in the present incomplete 
state of our knowledge, any reconstruction which we may attempt for earlier 
periods will necessarily be very imperfect, even when we have considered 
every possible piece of climatic evidence at our disposal. Only from the 
beginning of the Tertiary Period are we on fairly safe grounds, and the 
Quaternary climates can already be reconstructed in fair detail; but as we 
go further back in the earth’s history, the picture becomes increasingly 
uncertain. 

In Precambrian strata, the absence of fossils not only deprives us of 
invaluable organic evidence of climate, but also makes correlation of 
other evidence very difficult, thereby producing great chronological un- 
certainties. 

General references: BRINKMANN (1959); v. BUBNOFF (1956); DUNBAR (1959); MAGDEFRAU 
(1956); MacGinirte (1958); Moore (1958); RuEDEMANN (1939); StrakHov (1960); TERMER 
(1952). 
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TABLE 20 
OUTLINE OF GEOLOGICAL SYSTEMS 
3 dni Estimated Absolute Age 
Era System (Period) sae ha (Millions of Years) 
Older Scale Kulp, 1960 
Holocene 
Quaternary Pleistocene 
1 1 
Pliocene 
4 Neogene 
= Miocene 
S Tertiary 
§ Oligocene 
Paleogene {| Eocene 
Paleocene 60 63 
Cretaceous 
130 135 
Malm 
e Jurassic Dogger 
rt Lias 
N 155 180 
8 Keuper 
g Triassic Muschelkalk 
Bunter 
185 (225) 
Zechstein 
Permian Rotliegendes 
ceeneveaneies 210 (275) 
Pennsylvanian 
Carboniferous 
Mississippian 
= 265 350 
s Devonian 
S 320 405 
ey Silurian 
2 360 430 
Ordovician 
440 500 
Cambrian 
520 (>560) 
Algonkian (Proterozoic) 
>3000 


PRECAMBRIAN 





Archean 
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PRECAMBRIAN CLIMATE 


Evidence of Glaciation 


That moraine-like deposits are present even in the Precambrian and, in 
fact, even in the Archean, is of fundamental importance. In this section, we 
shall not consider the numerous tillites that occur in the youngest Pre- 
cambrian (Eo-Cambrian) strata, as these are discussed more fully later 
(Chapter 14), but shall deal only with the older “‘true” Precambrian examples. 





Fic. 76. PRECAMBRIAN TILLITE SHOWING STRIATED BOULDERS 
Cobalt Series, Kekeko Lake (Quebec) (after M. E. Wilson, 1939). 


In Europe, only a few rather doubtful glacial deposits have been dis- 
covered in Finland, but much more widespread finds have been made 
elsewhere, particularly in North America and South Africa, One should add 
also Australia, where, in the Adelaide system, a clear stratigraphic succes- 
sion of older tillites have been followed back from the Eo-Cambrian glacial 
stage (see further in Chapter 14). 

In North America, the most important and most accurately dated 
occurrence is the Cobalt (Gowganda) tillite, which can be traced for at least 
500 miles, from Lake Huron, via Cobalt and Noranda to Lake Chibougama 
(fig. 26). Here, striated boulders (fig. 76) and glaciated pavements have been 
observed. Moreover, in places, e.g. at Cobalt, the tillite is interbedded with 
banded “varved-slates’’. Coleman considers this ““Huronian Ice Age” to 
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have been one of the earth’s greatest glaciations. It is thought to have 
occurred more than 1,000 million years ago. Recently, however, the morainic 
character of even the Gowganda tillite has been questioned (personal 
communication from Winterer to Crowell, 1957). 

The Cobalt tillite can probably be correlated with rocks of the Medicine 
Bow Range in southern Wyoming (Snowy Range Series). This series, first 
described by Blackwelder, is considered by C. L. and M. A. Fenton to be of 
early Huronian age. The 8,000 m. thick succession contains three tillite 
horizons, 40 m., 8 m., and 30 m. thick. 

The appearance, in the upper part of the succession, of dolomites which 
contain large algal reefs, suggests that the cold phase was followed by 
a period of warmer conditions. 

Other Precambrian tillites or glacio-marine sediments in North America 
include the Fern Creek tillite series of Michigan, described by H. L. James, 
and biotite schists from the southern part of the Deep Creek Range in Utah 
which contain erratic blocks (Misch, Hazzard, Turner). These, too, are 
probably of Huronian age. Other undoubted Pre-Huronian examples, for 
the most part well over 2,000 million years old, are the tillite-like rocks in 
the Keewatin of the Upper Lake (Doré Conglomerate), in the Timiskaming 
Series (Lake Timiskaming, Canada), in the Seine Series west of Lake 
Superior, and in the Sudbury Series (Wanipigow Conglomerate). Both the 
exact stratigraphic position and the mode of formation of these occurrences 
is very uncertain. Even Coleman, who was strongly inclined to glacial 
interpretations, has not ruled out the possibility of other modes of origin 
in some cases. 

The chronological sequence of the more important North American 
occurrences, together with that of the younger Proterozoic-Ko-Cambrian 
rocks dealt with in the following chapter, is indicated in Table 21. 

In recent years, a great many new “‘tillites’” have been discovered in 
South America; but while some are definitely Precambrian, their strati- 
graphic position and mode of origin is still doubtful. They include the tillites 
of the Lavras Series in the Brazilian states of Minas Gerais and Bahia (the 
so-called “conglomerates” of Leonardos and Ebert, from the base of the 
Carandai Formation). These are, in part, metamorphosed, and contain 
diamonds; according to Maack, they cover an area of over 20,000 square 
miles (fig. 91). They may be Precambrian, in which case they are probably 
no older than “Eo-Cambrian”’, but they could also be Cambrian. 

In South Africa, a whole series of old tillites occur at different strati- 
graphic horizons. Those which belong to the uppermost part of the Pre- 
cambrian are discussed in the next chapter; it must, however, be emphasized 
that opinions regarding the age of the tillites are widely divergent. 

The Chuos tillite described by Gevers and Beetz from western Damara- 
land, Southwest Africa, appears to be very old. The whole series, which may 
attain a thickness of over 650 m., covers an area of 19,000 square miles. 
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TABLE 21 


STRATIGRAPHIC POSITIONS OF PRECAMBRIAN TILLITES 
OF NORTH AMERICA 
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Bedding is absent and the contained blocks are angular and indistinctly 
striated. The original feldspar of the tillite is now partly converted to 
epidote. Banded slates are also present. The Chuos tillite was classified by 
Martin as belonging to the much younger Transvaal System. 

The next tillites are probably those of the Witwatersrand System in the 
Southern Transvaal. Striation and facetting of the boulders have been 
recorded, In the east, there is only one tillite, but in the west there are 
usually two or three; the glaciers probably advanced from the northwest. 
The famous gold-bearing conglomerates of the Witwatersrand have also 
recently been interpreted as fluvio-glacial deposits (Wicbols). 


TABLE 22 


STRATIGRAPHY OF SOUTH AFRICAN PRECAMBRIAN, AND 
ITS TILLITES 























TILLITE | SYSTEM (ELLE GN YEARS) 
Schw arzkalk | Nama 
Numees, Griquatown, Daspoort; “Grand Conglomérat”, | Transvaal >620 in part 
and “Petit Conglomérat”’ in Katanga 
Witwatersrand Witwatersrand 
Chuos Damara ca. 1000 





In the Transvaal System lic the 200-300 m. thick Numees tillite of south- 
west Africa, and, at a slightly higher horizon, the Griquatown tillite of west 
Griqualand. The Daspoort tillite of the Transvaal is probably of the same 
age (cf. Table 22). The Numees tillite, described in great detail by Beetz, has 
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an areal extent of over 12,000 square miles. Striated boulders are present 
in all three of these sediments. 

Lastly, a tillite is known to occur in the Little Kharas mountains of 
southwest Africa, in the Schwarzkalk Series of the Nama Formation; but it 
is probably of very early Cambrian age. Glacially striated pavements have 
been observed here. The glaciers (valley glaciers) probably advanced from 
the north. 

Correlation with the equally widely distributed tillites further north, 
particularly in the Congo, is difficult. The more important occurrences are 
indicated in Table 23 of the next chapter, and in the map, fig. 81. Absolute 
age determinations indicate that the “Grand Conglomérat” in Katanga 
(Lower Kundelungu Formation) is more than 620 million years old, and 
therefore probably does not belong to the Ko-Cambrian glaciation. The 
tillite series, which in Katanga is as much as 500m. thick, includes two 
tillites; the “Grand Conglomérat”’ and the overlying “Petit Conglomérat”. 
Their glacial origin is considered certain by some authors because striated 
boulders are known to occur. Certain facies variations have been said to 
indicate periglacial conditions. A synopsis of the more important Pre- 
cambrian tillites of South Africa is given in Table 22. (See Table 23 for the 
uppermost Precambrian.) 


Other Climatic Indicators 


Apart from these ‘moraines’, little other climatic evidence need be 
mentioned. Fairly warm conditions in the upper part of the Precambrian 
can be inferred from the limestones and dolomites which occur here and 
there in Siberia, North Africa, and Australia. In the late Algonkian Belt 
Series, in the Belt Mountains and Glacier-Waterton Lakes Parks areas of 
Montana and southwest Alberta, there are bioherms up to 50 m. thick. These 
have been studied by C. L. and M. A. Fenton (1957), who also consider that 
fairly arid conditions existed for a time, because the red color of the 
sediments is combined with desiccation cracks and other phenomena. A 
similar argument may be applied to such other late Precambrian red beds 
as the Keweenawan of Lake Superior and Canada, the Torridonian sand- 
stone of Scotland, the Dala and Jotnian sandstones of Sweden, and the 
Vindhyan of India. 

It is noteworthy that no Precambrian evaporites are known to occur 
anywhere, though a few traces of salt formation have been found; for 
example, the “salt crystals” of the Belt Series (Fenton & Fenton, 1957, 
p- 109). 
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The Eo-Cambrian 
Glaciations 


Of all the pieces of evidence relating to the climate of the Precambrian, 
the tillites are of fundamental importance, since they must surely indicate 
the existence of glacia] conditions, even at this far distant time in the past. 
They do not, however, provide us with a paleoclimatic datum, because their 
precise stratigraphic position is all too uncertain. The first time this situation 
changes is immediately preceding the appearance of Cambrian trilobites. 
This particular horizon has been designated “Eo-Cambrian” (Broegger) or 
“Infra-Cambrian” (Menchikoff, Pruvost). Tillites are known to have been 
formed at this time in many different parts of the world. As their strati- 
graphic position is now more definitely fixed than that of the older tillites, 
it is possible, for the first time, to represent them on a map. Of course, such 
a climatic map still has many serious deficiencies. Other definite evidence of 
climate is absent, and it has not been established that the “‘tillites’’ 
undoubtedly represent moraines or other types of glacial deposit. Further- 
more, the age of many of the deposits is uncertain. 


DISTRIBUTION OF GLACIAL PHENOMENA 


The evidence of Eo-Cambrian glaciation has all been brought together in 
Table 23 (and also in fig. 81), where general characteristics are compared. 
Also included in this table are those tillites which are presumed to be slightly 
older and which, strictly speaking, belong in the preceding chapter, where 
they have already been mentioned. 

To the table may be appended a few remarks about the more important 
glacial deposits, whose age is not in question because of the presence of 
overlying Cambrian strata. In Europe, the numerous tillites of the Sparag- 
mite Series of Scandinavia are of particular significance. Classic exposures 
resting on a glacially striated pavement are to be seen at Varanger Fjord in 
north Norway (fig. 77); Kulling, therefore, gave to this Ice Age the name 
““Varanger GJaciation’’. As the orientation of the striae does not correspond 
with that of the boulders, Gaertner concluded that the former were pro- 
duced by a grounding iceberg. Research on Recent glacial striae indicates 
that this assumption is quite unnecessary. At no great distance from these 
Norwegian tillites (fig. 78), lie the various Eo-Cambrian glacial deposits of 
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Fic. 77. Eo-CAMBRIAN TILLITE RESTING ON A STRIATED PAVEMEN' 
VARANGER Fyorp, NortHern Norway 


Left: Drawing by H. Reusch, 1890, from QO. Holtedahl, Féyn & Reitan, 1960. 
Right: Photograph, H. R. v. Gaertner, 1943. 


Tae Rieke eres Nee eae eS 
‘ 


~ 


2 





fee 
eeraree 3, 
we OSS ye 


elaine 
a 
TL Nee 


baer 
aye. 


a, f 
vag gee Asie 
emt AO 


sper de at 


ae ek + wise 
edn Se SE vant ae we 


ka pee en 





Fic. 78. Mortv-Tiniire, Eo-Camprian, Lake MyésEn, SOUTHERN NoRwAYy 
(Photograph: M. Schwarzbach). 
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the Polar region. In east Greenland, two tillites occur within the 540 m. 
thick sandstone-shale-limestone succession of the Cape Oswald Formation 
(Katz 1954, Poulsen 1956). Most of the boulders of the lower tillite are of 
limestone, while those of the upper consist of gneiss, granite, or quartz 
porphyry. This suggests two separate glaciations. In the succeeding Tillite 
Canyon Formation, there are glacial varves, and a Lower Cambrian fauna 
appears about 400 m. above the tillites. Frankl] (1953) has questioned the 
glacial origin of the beds. The tillites which occur in Peary Land (North 
Greenland Jat. 82°) are up to 100 m. thick and, since they contain large 
striated boulders, their morainic character seems assured. Cambrian fossils 
do not, however, appear until 800 m. higher; hence these tillites may be 
older than those of east Greenland. 





Fic. 79, STRIATED BOULDER FROM Eo-CaMBRIAN TILLITE, ADELAIDE 
(after David, from Kayser’s “Lehrbuch der Geologie”’, 1923). 


Neither in North nor in South America are there any important relics of 
Ko-Cambrian glaciation, and only in Utah are supposed Eo-Cambrian beds 
overlain by Cambrian strata. Here Blackwelder has recorded a tillite 100 m. 
thick, overlain by varved slates, which grade up into supposed Lower 
Cambrian deposits. The earliest fossils are, however, of Middle Cambrian 
age, so it is possible that this tillite may be early Cambrian. 

In Africa, most of the tillites are probably older by about 100 million 
years, but there are numerous exposures in Australia. In the south, these 
can be traced for over 900 miles, and in the Flinders Range the tillite series 
attains a thickness of 6,000 m. (figs. 79-80). It is probable that the greater 
part of these deposits is of glacio-marine origin, and that they formed in an 
area of geosynclinal downwarp. The series can often be divided into the main 
(Sturt) tillite and a higher tillite. Glaessner and Parkin consider that the 
glacial center lay to the north, over Lake Frome and Lake Eyre. Above the 
tillite series comes the predominantly arenaceous and argillaceous Marinoan 
Series, which is up to 3,000 m. thick. Locally, this contains yet another thin 
tillite horizon, the Elatina and Umberatana tillites (Mawson). The Marinoan 
Series is followed upward by the basal Cambrian Pound Quartzite. The 
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Fic. 80. PROFILE OF AN Eo-CAMBRIAN 
TILLITE SERIES IN AUSTRALIA 


Mt. Fitton, northern Flinders range. 
Thickness of section, 7,500 m. Sedi- 
ments possibly deposited from floating 
ice (after Glaessner and Parkin, 1958, 
fig. 2), 
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thickness of the Marinoan Series is so 
great that the lower tillites may be older 
than the Eo-Cambrian. 

In Asia, the most important tillites are 
those which, near Nantung, attain thick- 
nesses of up to 35 m., and are overlain 
by Cambrian strata with a Redlichia 
fauna. According to Schuller and Ying, 
they also appear in all nine provinces of 
South China, in the Tienshan Mountains 
of North China, and probably also in 
Shansi. The Yenisei “tillites’” have 
recently been ascribed by Grigoriev and 
Semichatov to Lower Cambrian sub- 
marine slumping. 

The Blaini Tillite of the southwest 
Himalayas, which has sometimes been 
considered as Eo-Cambrian, is not in- 
cluded in the Table. Later work, particu- 
larly by T. H. Holland (Lex. stratigr. 
internat. 1957) indicates that it is an 
equivalent of the Talchir (Permo-Car- 
boniferous) Glaciation. 


Map of the Eo-Cambrian Tillites 


The various tillites vary greatly in 
their degree of certainty. Undoubted 
morainic deposits or other glacial deposits 
may be designated M, and beds of 
doubtful origin, m. Where their Ko- 
Cambrian age is certain, this is indicated 
by E; those whose age is questioned are 
shown by e. 

The various occurrences may, there- 
fore, be subdivided into four groups: 

(a) Group ME: occurrences 2, 6, 
7, 8, 2la—c, 22a, 22b (in part) of Table 
23. 

(b) Group Me: 3, 4, 10, 15, 16, 17, 18, 
19, 20, 21le. 

(c) Group mE: 23 (in part). 


(d) Group me: 1, 5, 9, 11, 12a, 12b, 13, 14, 22b (in part), 22¢, 23 (in part). 
Group (a) includes the most certain, group (d) the most doubtful occurrences. 
The degree of certainty, regarding the nature and age of each exposure, 1s 
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shown in roughly similar fashion on the map, fig. 81. As was pointed out 
when dealing with the Congo tillites, the tillites probably comprise the 
products of several Ice Ages, namely, the true Eo-Cambrian and one or 
more rather earlier glaciations. But, in any event, the Eo-Cambrian repre- 
sents a glacial culmination. The upper Algonkian and Eo-Cambrian glacia- 
tions correspond to a long period of time; this is also true of the late 
Paleozoic glaciation, whereas the Quaternary Ice Age, by comparison, is 
very short. However, this latter may be a false yardstick, because we cannot 
be certain that the Pleistocene glaciation is finished. In any case, the 
possibility of using glaciations as time planes is rendered more difficult by 
the length of the Ice Ages. 

Only in some cases does the Eo-Cambrian Ice Age serve satisfactorily as 
an approximate datum. The widespread occurrence of tillites throughout 
every continent is as yet difficult to understand, but it suggests that many of 
the exposures may be of pseudomoraines of nonglacial origin. It further 
indicates that in Precambrian times, the Southern Continents were nearer 
to the Pole than they are at present. They remained close to the Pole 
throughout the Paleozoic Era. The Precambrian North Pole lay close to the 
west of what is now the Pacific Coast of Canada (see fig. 130). During 
Paleozoic times, the pole position swung gradually in a great arc across 
the Pacific and into northeast Asia. 


[5 


The Older Paleozoic 


TEMPERATURE AND PRECIPITATION 


Introduction and Reef Belts 


The Cambrian marks the first appearance of richly fossiliferous rocks, and, 
therefore, the beginning of organic evidence of climate. At first, this is 
scarce, but later, particularly after the development of Jand plants in the 
Upper Paleozoic, the indications become more numerous. On the whole, 
little can be said with certainty about the climate of the Older Paleozoic, 
although we know more about it than about the Precambrian. 

The Cambrian, Ordovician, Silurian, and Devonian periods can be dealt 
with as a whole. They are characterized, primarily, by the presence of a warm, 
and often arid, climate throughout all of the Northern Hemisphere. Figure 
122 clearly shows that the reef belt lays far to the north. “Reef Belt”, 
both here and in other periods, is to be taken to indicate a belt of particularly 
intensive development of limestones. Several examples may be mentioned. 
In the Cambrian, there are Archaeocyathid limestones several hundreds of 
meters thick. These are to be found in Silesia, in Sardinia, in the Anti-Atlas 
of North Africa, in almost mountainous occurrences in the North American 
Cordilleras (e.g. at Mount Robson), and on into Alaska and Greenland. 
Limestones and dolomites are also widely developed in Siberia. The 500 m. 
thick Cambro-Ordovician Durness Limestone of Scotland may be equated 
with the similar Beekmantown Formation of North America. The North 
American continent and Greenland form the site of the most abundant 
development of Ordovician limestones (e.g. Chazy, Trenton, etc.). In the 
Silurian System, there occur the highly fossiliferous Wenlock and Aymestry 
limestones of the Welsh Borderlands with their abundant reef-knolls, the 
oft-described coral reefs of the Swedish island of Gothland (Hadding, Jux, 
and Rutten), and the particularly widespread Niagaran reefs of east and 
northeast North America. These extend from Illinois and Indiana—only 
4°N of the present poleward limit of reefs—to Cornwallis Island in lat. 
75° N (fig. 82). Lowenstam considers that “this depicts the most extensive 
areal spread of reefs in North America during geologic time”. Some of the 
reefs form economic oil traps. Similar reef limestones are to be found in 
Nevada (Winterer and Murphy, 1960) and in Siberia, at Verkhoyansk and 
on the islands of Novo-Sibirsk. 
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Thick Devonian reefs are developed in Europe (Devon, Ardennes, Rhine- 
land, ete.) and in North America (Helderberg, Gaspé, Onondaga). Givetian 
bioherms have also been described from as far north as Novaya Zemlya 
(71° N). From the distribution of Devonian tetracorals showing particularly 
large annual increments, Ma has reconstructed the position of the equator 
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Fic. 82. DistRisuTioN OF REEFS IN THE NIAGARAN (SILURIAN) IN Nortn 
AMERICA (after Lowenstam, 1950), 


at that time; he considers that it ran from the north Urals through South 
China, West Australia and the northwest of South America. While the 
method is interesting, it is not certain that the results are completely 
reliable (cf. Chapter 4). 

Australia, too, is the site of abundant caleareous sedimentation. The 
Lower Cambrian Archaeocyathid limestones, which in places are almost 
1,000 m. thick, outcrop in South Australia through a distance of almost 400 
miles. They have occasionally been compared with the Great Barrier Reef 
which lies off the east coast of Australia at the present time. Such a warm 
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environment seems more likely than Opik’s suggested “cool” climate for the 
Cambrian of Australia. The “ice crystals” which have been described are 
exceedingly doubtful. Silurian coral reefs extend intermittently from 
Queensland to Tasmania, a distance of more than 1,500 miles. Teichert in 
particular has recorded Middle and Upper Devonian reefs in Western 
Australia. Even though they are isolated, the discovery of Archaeocyathid 
limestones is noteworthy in the Weddell Sea region of Antarctica, and at 
Mt. Buckley at the head of the Beardmore Glacier. 
Further reading: Barn (1960). 


Evidence of Arid Climates 


Evaporites are of prime importance. For them, Lotze has drawn up a 
detailed stratigraphic classification, which will also be referred to for other 
periods (fig. 121). 

Cambrian salt deposits are very rare in Europe, North America and 
Australia. Gypsum occurs in the Middle Cambrian of Devon Island off the 
Arctic coast of North America (Kurtz and others), and in the Macdougal 
Stage of the Mackenzie Range: gypsum and halite pseudomorphs occur in 
the Middle Cambrian of Australia. Evaporites of very great thickness are 
developed in Siberia (Lena, Yenisei), and in India, in the Salt Range, whose 
name is derived from its beds of rock salt. The age of these deposits has been 
disputed, but it now seems certain from Schwindewolf’s work, that the 
evaporite series may be closely correlated with Redlichia-bearing Lower 
Cambrian strata. The Redlichia beds also contain such other indications of 
a dry climate, as desiccation cracks and salt pseudomorphs. 

Thicker red beds, containing halite pseudomorphs, occur in the Cambrian 
of South Australia; particularly in the Middle Cambrian of the Lake Frome 
area (Daily). 

There is little evidence of Ordovician aridity except for red beds in the 
Upper Ordovician of the Appalachians—Juniata Formation. A drier 
Silurian climate is suggested by halite pseudomorphs and salt springs 
(presumably from beds of halite) in the eastern Baltic area of the Russian 
Platform, and by abundant occurrences of halite and gypsum in Siberia and 
North America, where evaporites 600 m. thick, are present in the Upper 
Silurian of the Michigan Basin. Rock-salt production in the Great Lakes 
States exceeds 6 million tons. Silurian gypsum deposits have been worked 
in New York State, Michigan, and Ohio. The Devonian System contains both 
gypsum and halite, especially in the south of the Russian Platform. There 
are also salt deposits in North America, where they are best developed in 
the southern part of Canada. 

Even more abundant in the Devonian are red beds, thick red clastic 
deposits washed down from the Caledonian fold mountains of Europe and 
from the Acadian mountains of eastern North America, to accumulate on 
the dry lee sides of these mountains. Red coloration, cross-bedding and 
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sun-cracked surfaces, together with gypsum and halite, and a specialized 
fauna of armored fish, are the characteristics of this “Old Red’ facies, 
A very similar type of sedimentation is encountered in the Permian and 
Bunter of Europe (i.e. the “New Red” facies). 

The Old Red facies is widely developed throughout the northern parts of 
Europe and Asia. In North America, the Catskill red beds of the eastern 
United States belong to this facies; so do the Upper Devonian sandstones 
of East Greenland, which contain the first Tetrapods. 

The development of arid climates is obviously closely linked with major 
periods of mountain-building. The Silurian and Devonian evaporites and 
“Old Red” sediments are related to the Caledonian and Acadian Orogenies. 
The arid climate was produced as a result of the driving back of seas and 
expansion of continents, and by the rain-shadow effect of the mountains. 


Evidence of Wet Climates — 


The bauxite occurring in the Middle Devonian and in the lower part of 
the Upper Devonian of the Urals (Gladkovski, Krotov, and Sotova) 
indicates a certain amount of rainfall. The presence of bauxite in this 
locality fits in with the development of less saline deposits on the adjoining 
Russian Platform, and also with the reef belt of the Northern Hemisphere. 
Bauxite is also present in the Lower Devonian of Leon, Spain (Font Alba 
& Closas, 1960). A humid climate may also be proposed for Bear Island 
where Upper Devonian coal swamps formed. 


Evidence of Glaciation 


Those glacial traces that have been recorded from the Northern Hemi- 
sphere have either been refuted or are very doubtful. This applies to 
Ordovician pebble slates in Thuringia and in Britain, and to the widely 
distributed Ordovician “boulder conglomerates” of Quebec, etc., which 
Bailey et al (1928) have shown to be the products of submarine slumping. 
Kirk mentions as Silurian moraines, some 100m. thick “boulder con- 
glomerates” from Heceta Island, Alaska, latitude 55°-60° N. Other moraines 
are recorded from British Columbia (Shepard) and Maine (Smith). The 
Russians also consider that there were Ordovician (Lungershausen) and 
Silurian (Miloradovitch, Novaya Zemlaya) glaciations. The Devonian tillite 
of the Mediterranean island of Minorca, described by Schindewolf, has been 
shown by Gomez de Llarena and Schwarzbach to be probably the result of 
submarine slumping. Clarke’s so-called “ice crystals”, in the Lower 
Devonian of New York State, were later denied as such by Clarke himself. 
Striae in the Portage of Pennsylvania (Willard) can readily be assigned to 
nonglacial causes. 

Another possible moraine is the Squantum-“tillite” of Boston, Mass., 
described in greatest detail by Sayles. Its distribution is certainly very 
restricted and its boulders are at best only indistinctly striated. The “tillite” 
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is accompanied by well developed “varved shales”. Unfortunately its strati- 
graphic position is not well established, but it does not, as has hitherto been 
supposed, seem to be late Paleozoic. Bell considers it to be Devonian. The 
glacial origin of the Squantum-“tillite” (fig. 83) has recently been queried by 
Crowell, and by Dott (1961), who considers that this bouldery mudstone 
formed during the Mid-Paleozoic diastrophism, by gravity movement of 
volcanic-rich sediments with periodic resedimentation by turbidity cur- 
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Fic. 83. Sguanrum-“TILLITE” NEAR Boston (Photograph: M. Schwarzbach). 


rents. He points out that there is no striated pavement and that striated 
clasts, and facetling, can be produced in nonglacial sediments. Fairbridge 
(1947, p. 108) earlier showed that the intraformational folding, originally 
ascribed to grounding icebergs, was simply the product of submarine 
slumping. 

A different state of affairs exists in the Southern Hemisphere. Certainly, 
in Australia, there are only doubtful tillites, including the already-mentioned 
Zeehan tillite of Tasmania, which was considered as Eo-Cambrian, but 
could also be of Middle Cambrian age. On the other hand, there do 
appear to be Lower Paleozoic glacial sediments in South Africa and South 
America. 

In South Africa, there is the 30 m. thick Table Mountain tillite which 
outcrops near Cape Town, and again 60 miles further north, near Clan- 
william, where it can be traced for nearly 20 miles. Individual boulders are 
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very well striated. Since the overlying strata form the Lower Devonian 
Bokkeweld Series, the glacial sediments are probably Silurian or Lower 
Devonian (Du Toit, 1954). 

In South America (fig. 91), striated blocks in the Lower Ordovician 
conglomerates of the Andean foothills of northern Argentina are considered, 
by Keidel, to be of morainic derivation. However, this interpretation is open 
to question. Then, in the Sierra Sao Joaqim in Parana, there are two tillite 
horizons in the Japo Formation (Caster, Maack, Rich). These are traceable 
for over 20 miles, and contain striated boulders, mostly of granite, porphyry, 
and quartzite. The lapo Formation underlies the ““Lower Devonian” Furnas 
Sandstone and succeeds Taconic quartz porphyries. Its stratigraphic equiva- 
lence with the Table Mountain glaciation is therefore very striking. The 
Zapla tillites in northwest Argentina are probably also of Silurian age 
(Schlagintweit); the same tillite is also present at Yapacani in neighboring 
Bolivia (Rod, 1960), 40-50 m. below basal Devonian sediments. 

Devonian “glacial” sediments have also been found in Brazil. There are 
the tillites in the Furnas and Barreiro Sandstones of Parana, and striated 
pavements in Piaui, above the Serra-Grande Sandstone (which is regarded 
by Malzahn as the equivalent of the Furnas Sandstone). The Carolina tillite 
in the Upper Devonian Longa Formation of Piaui (Kegel) is said to be at 
the same horizon as the tillite in the Andean foothills of San Juan in west 
Argentina, described by Frenguelli. 

The nature of many South American “‘tillites” still requires critical 
appraisal. Nevertheless, we get the impression that, in this continent, 
climatic conditions remained favorable for the formation of glaciers through- 
out a long period of time, from the Eo-Cambrian or early Paleozoic to the 
beginning of the Permian. The same seems to apply to South Africa. 


SUMMARY 


A few general conclusions can already be drawn in spite of the frag- 
mentary nature of the details. In the Older Paleozoic, all of the Northern 
Hemisphere, including even high latitudes, enjoyed a warm climate; so did 
Australia. In these areas, the prevailing climate was sometimes arid as well. 
This aridity was related to the Older Paleozoic mountain building, and 
hence was most marked in the Upper Silurian and Devonian. Some traces 
of glaciation are to be found, especially in South Africa and South America. 
It is possible to draw a climatic map of the Devonian Period (fig. 84); on it 
may be entered the position of the poles and equator as deduced from 
paleomagnetic measurements. The resulting picture is in many ways 
surprisingly uniform. It shows a “tropic” zone running through North 
America and Europe, and a south polar region over the South Atlantic. 
Strakhov recently arrived at a similar reconstruction; Spjeldnes (1961) did 
likewise for the Ordovician. In Strakhov’s (1959) map, however, the posi- 
tion of the equator, as revealed by climatic indicators, is somewhat different 
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from the palacomagnetically calculated position shown in fig. 84. Thus, 
in Europe, he considers the equator to have lain north of Scandinavia, 
some 1,300 miles north of the position shown in fig. 84. Central and western 
Europe, then, lie in the southern arid belt, while the northern desert zone 
trends south-eastwards from Spitzbergen. 


16 


Younger Paleozoic, 
and the Permo- 
Carboniferous Glaciation 


T have been Jaughed at by country people riding their 
mules to market, while I chipped striated stones from 
tillite, well within the tropics, not far from plantations 
of coffee and bananas in Brazil. 

A. P, Coteman, Bull. Geol. Soc. Amer., 1939. 


In the Northern Hemisphere, the climatic features displayed by Car- 
boniferous and Permian strata vary greatly; the Carboniferous beds often 
suggest a wet climate: the Permian sediments indicate aridity. Nevertheless, 
the two periods are here treated together as the Younger Paleozoic for in the 
Southern Hemisphere, the Permo-Carboniferous Ice Age is the dominant 
feature of both periods. Absence of traces of this glaciation from the 
Northern Hemisphere is also, in a negative sort of way, a common charac- 
teristic of both periods. For other reasons, too, paleoclimatologists regard 
the Carboniferous and Permian Systems as unusually interesting; both 
contain deposits of great. economic importance, which have been thoroughly 
investigated, and owed their origin to particular climatic conditions. The 
bulk of American and European coals are included in Upper Carboniferous 
strata; rich Permian seams are present in other continents. The Permian 
system also contains the world’s most important salt deposits. In the 
Northern Hemisphere, then, there are separate developments of beds 
indicating both high rainfall and extreme aridity. 


TEMPERATURE AND PRECIPITATION 
Reef Belt 


As in the Lower Paleozoic, the warm areas, characterized by prolific 
formation of organic limestones, lie well within the Northern Hemisphere. 
According to D. Hill, the belt of Lower Carboniferous reef corals lics between 
20° N and 60° N (fig. 122). 

Among Lower Carboniferous (Mississippian) limestones, the Carboniferous 
Limestone Series of Europe merits particular mention. This name is applied 
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to calcareous deposits underlying the main coal-bearing formations. In 
places, the series is 700 m. thick; its rich fauna of corals, large productids, 
etc., has been the subject of classic research work, particularly in England, 
Ireland, and Belgium. 

In Eastern Europe (Russian Platform), Asia, and North America, both 
the Lower and Upper Carboniferous (Pennsylvanian) contain very thick 
calcareous deposits. Large calcareous forams are often the dominant element 
of the fauna in these younger beds of North America, the eastern Alps, the 
Russian Platform, Central Asia, Japan, China, and even the Arctic (Spitz- 
bergen and Bear Island). Examples of North American reefs built largely of 
the alga Cryptozoon, include Upper Pennsylvanian occurrences in New 
Mexico which, according to Plumley and Graves, may be as much as 1 mile 
long and 60m. thick, and the Upper Carboniferous-Lower Permian reef 
masses of the Horseshoe Atoll in northwest Texas. This atoll was detected 
only by drilling. It forms a 90-mile diameter semicircle and is of economic 
importance as an oil reservoir (Stafford, Burnside, fig. 20). 

There is a great deal of other evidence of Carboniferous climates, including 
the gay colors of the marine organisms, the presence of Lingula, gigantism 
and heterometabolism of insects. All suggest a warm climate, and so does 
the flora of the coal seams. 

Most of the Younger Paleozoic limestones are situated, stratigraphically, 
in the Lower Carboniferous; figs. 122, 123 show quite clearly how the area 
of the calcareous sedimentation decreased during the Permian period. The 
afore-mentioned foraminiferal limestones of the Upper Carboniferous often 
continue to develop in the same areas in the Permian. Reefs also occur in 
the South Urals, where they range in time from the Upper Carboniferous to 
the Artinskian. Here they are more than 50 m. thick and form important 
oil traps (Theodorovitch, Levet). They appear in the Kasan stage of the 
Upper Permian in northern Russia (Tumanskaya) and in eastern Greenland: 
(Maync). Other American reefs include those of West Texas (fig. 20) and 
the Lower Permian Wolfcamp Formation. The latter form important oil 
reservoirs (Kornfeld). The Upper Permian Capitan Reef of the Guadeloupe 
Mountains, New Mexico, which is exposed over a distance of 45 miles has 
been intensively studied by Newell and his co-workers. In England and in 
Germany, the Bryozoa stand out as important Zechstein reef-builders. 

In view of the very considerable development of limestone in the far north, 
e.g. the thick Permian limestones of Alaska (Moffit), one cannot agree with 
Stehli that a cold climate may be inferred on a statistical basis from the 
“impoverished” fauna. He does not appear to have taken proper account of 
either the difficulties of finding fossils there or the possibility of later 
destruction. 

In the Southern Hemisphere, reefs are prominent only in Australia, where 
such distinct caleareous facies as the Burindi Limestone are developed 
basally in the Lower Carboniferous succession, and in Timor where, accord- 
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ing to Gerth, the unusually prolific Permian fauna, with corals, ete., 
constitutes a warm water assemblace. 


Further reading: Bonn, 1950: D. Parkinson, 1957: ZEKKEL, 1941. 


Coal Forests as Evidence of a Warm Humid Climate 


The Carboniferous Period. particularly in its middle stages, appears to 
have been a time of unusually high rainfall. This is indicated primarily by 
the extensive swamps from whose peat deposits the coal seams have arisen. 
The development of the luxuriant land vegetation which gave rise to the 
peat began, as we have already seen, in the Upper Devonian, and attained 
a maximum in the Westphalian stage of the Upper Carboniferous. Thus the 
greatest part of the bituminous coals of Europe and North America, the 
Urals, the northern part of Asia Minor. and North Africa are of Upper 
Carboniferous age. The large number of coal seams—more than 100 in many 
places—shows that conditions favoring the formation of coal swamps per- 
sisted over a Jong period of time. Seams undoubtedly developed inter- 
mittently throughout a period of some tens of millions of years. 

With the arrival of the Permian, the swamps disappeared almost com- 
pletely from Europe and North America, except for such areas as the Massif 
Central of France, where there are many Autunian coals, and the Penn- 
syly ania-West Virginia area where the Dunkard coals formed. Instead, they 
now spread into the great Siberian basins of Kuznetzk, Minussinsk, and 
Tunguska: and into China, India and the Southern Hemisphere. The 
bituminous coals of Australia. South Africa, and South America all belong 
to much the same stratigraphic horizon. in the middle of the Lower Permian: 
those of the Siberian coalfields continue on into the Mesozoic. 

Whether or not the flora of these coal measures indicates a warm climate 
at that time, has often been discussed. The particular characteristics of 
many of the Carboniferous plants do. in fact, suggest warmth (Chapter 4). 
On the other hand, the vast amount of vegetable material which has 
accumulated in the coal seams does nothing to support this argument, for 
it has been shown before (Chapter 5) that at the present time, the vast 
majority of peat bogs are to be found in areas with a cool climate. In Europe, 
however. the Carboniferous coals all originated under rather exceptional 
conditions in the tectonically mobile foredeeps and intramontane basins of 
the Variscan mountain chains. Jn the United States, the developing 
Appalachian mountains exerted a similar contro]. Such conditions are almost 
unknown at the present time. Because of this tectonic contro], formation of 
the Carboniferous coals was largely independent of climatic factors, or at 
least of temperature. 

While the Carboniferous flora of Ikurope and North America may be 
described as “tropical” or at Jeast “subtropical” in character, the same 
cannot he said of the Permian flora of the Southern Hemisphere which has 
as a typical member the sced fern Glossopteris (fig. 44). On the basis of other 
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1—Tillite, 2—Glossopteris flora, 3—Euramerican flora (floras after Gothan-Weyland, 1954, slightly modified). 
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climatic evidence, this flora must be regarded as being the product of a 
cooler climate. 

Generally speaking, the Upper Carboniferous and Permian periods are 
characterized by clear geographical differentiation of the different floras 
(fig. 85); in the Lower Carboniferous, on the other hand, more or less the 
same type of vegetation is developed everywhere. During Carboniferous 
times, belts of abundant coal formation migrated southward from a rela- 
tively northerly position over Spitzbergen, Scotland, and the Moscow Basin 
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Fre. 86. Coat ForMATION IN THE UPPER PALEOZOIC 


The area of extensive development of coal shifted from North America and Europe in 
the Upper Carboniferous to Asia and the Southern Hemisphere in the Permian. The un- 
important Permian Dunkard Coals of Pennsylvania and West Virginia are not indicated. 


(fig. 86), to the Saar Coalfield and the Massif Central. This latter position was 
reached by the end of the Upper Carboniferous. The coal belt then shifted 
to other continents. Migration was controlled partly by climatic factors, and 
reflects the slow displacement of a belt of heavy rainfall throughout the 
Carboniferous and Permian periods. Tectonic factors played a lesser part in 
this southward movement of the coal forests. 


Evidence of Carboniferous Aridity 


From the widespread distribution of wet climates during the Carboniferous 
period, it follows that evidence of aridity will tend to be sparse. Evaporites 
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are absent from Europe, but in North America, gypsum and rock salt occur 
in the Mississippian of Michigan, Ohio, Virginia, Nova Scotia, and New- 
foundland. The same salts occur very infrequently in the Upper Car- 
boniferous, e.g. in the Paradox Formation of the Lower Pennsylvanian of 
Colorado and Utah. The Upper Carboniferous gypsum deposits of Spitz- 
bergen and East Greenland are particularly noteworthy. In other continents 
there are only isolated, and often doubtful, occurrences of evaporites. Only 
toward the end of the Carboniferous Period do the indications of aridity in 
Europe and America start to multiply. The red bed facies, which was to be 
dominant in Permian times, appeared during the Westphalian stage in 
Scotland, during the Stephanian in the Saar district and in Silesia, and 
during the Pennsylvanian of Colorado (Fountain Formation). The red beds 
tend to appear in the north rather earlier than they do further south. 
Therefore, the belt of semiarid climates which gave rise to this facies must 
also have advanced slowly southward in Upper Carboniferous and Lower 
Permian times, behind the rainy belt in which the coal swamps developed. 
The Carboniferous fireclays of Scotland, Silesia, the Moscow Basin, China, 
and the Appalachians suggest seasonally arid conditions to Harrassowitz 
and others, who regard them as degraded laterites. Krivsov has recently 
described kaolinite-bauxites from the Lower Carboniferous of northern 
Russia; silicification of the Namurian peats of the Ruhr, described by 
Teichmiiller and Schonefeld, may also have been connected with lateritic 
weathering. 


Evidence of Arid Permian Climates 


Those developments which have been described resulted in places in 
extremely arid Permian climates. There is hardly any climatic contrast 
greater than that between Westphalian conditions in central Europe, when 
luxuriant tropical rain forests flourished, and Upper Permian conditions, 
when the area was a barren desert. The increasing aridity found its best 
expression in red beds with footprints, rain pits, silicification, ripple marks, 
ventifacts, inselbergs, etc. Extreme aridity resulted in the vast salt deposits 
of this age; the greatest of the world’s potash deposits occur in Permian 
strata (fig. 121). 

In Europe, the typical red bed formation is the continental, Lower 
Permian “‘Rotliegendes” of Germany, or the Lower New Red of the English 
Midlands. This type of sediment is developed throughout most of Europe, 
and in 1849 Murchison coined the name of the system from outcrops in the 
foothills of the Urals. In places, it can be established that the climate 
repeatedly alternated between wet and dry phases—occasional periods of 
coal formation have already been mentioned—before very dry conditions 
became firmly established in the Saxonian. Precipitation of salts had already 
begun in Lower Permain times in Schleswig-Holstein, over large parts of the 
eastern sector of the Russian Platform, and at Solikamsk, where potash 
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deposits formed; it reached a maximum in the Upper Permian, with the 
formation of thick halite and potash beds in Germany and northeast 
England (see fig. 49). 

Evaporites are also present at a number of localities in Asia. Sheynman 
depicts an extensive arid zone stretching from the Urals to the upper reaches 
of the Yangtse Kiang, and the Hwang Ho. North America, too, has many 
enormous Permian deposits of gypsum, halite and potash salts. It has been 
estimated that the area covering Kansas, New Mexico, and west Texas, has 
reserves of 95:5 billion tons of rock salt. Just as in Europe, the evaporites 
are accompanied by red bed formations in both eastern and western United 
States. An example of such red sediments is the Coconino Sandstone of the 
Grand Canyon of Arizona, 


Further reading: SuEnLock, 1947, 


WIND DIRECTION 


There are few records of the direction of Carboniferous winds. Sorby’s 
work on tree roots suggested that around Sheffield in the north of England, 
the prevailing wind was westerly; a north wind is supposed to have affected 
the Midland Valley of Scotland during the eruption of the Lower Car- 
boniferous tuffs of Arthur’s Seat (see Chapter 8). According to Bucher and 
others, a “monsoon” wind blew in Ohio; the Jand mass lay to the northeast, 
the sea to the south. There are not many more records from the arid deposits 
of the Permian, where the wind direction is usually deduced from ripples and 
from the shape and internal structure of dunes (Table 24). Schove, Nairn, 
and Opdyke have attempted to fit these observations into the overall 
climatic picture of the Permian; they have attributed the directions given 
in the Table to trade winds. At this time, the equator is supposed to have 
run through Europe and North America, but naturally, these few observa- 
tions of Permian wind directions afford only a very sketchy indication of 
this. 





TABLE 24 
PERMIAN WIND DIRECTIONS 
LOCALITY HORIZON WIND DIRECTION AUTHOR 

Nahe Basin Rotliegendes sw Reineck, 1955 

(Hunsriick, 

W. Germany) 
Central Germany | Zechstcin SSW-ESE Ludwig, 1927 and Richter- 

Bernburg 

England Permian E Shotton, 1956 
Colorade Plateau | Permian-Trias N, NE Reiche, 1938; Poole, 1957 
Wyoming, Utah Pennsylvanian-Permian NE Opdyke, and Runcorn, 


1960 
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CLIMATIC VARIATION 


Seasonal Variation 


In dealing with “Jaterites” we have already touched upon the problem of 
seasonal climatic variation during the Carboniferous Period. This subject has 
been much discussed, particularly with regard to the structure of tree stems 
(Gothan). In Europe and North America, these show hardly any annual 
rings; rings are somewhat more common in Gondwanaland. There are only 
very isolated records of growth rings in the Northern Hemisphere, and these 
have been explained as belonging to trees swept down from cooler moun- 
tainous areas. In the tropical lowlands there was supposedly no seasonal 
variation to produce rings. It is very probable, though, that the absence of 
growth rings is related more to the primitive state of development of the 
plants than to extremely uniform climatic conditions, for the rocks adjacent 
to the coal seams are often laminated, and the bones of reptiles and 
amphibians often exhibit an apparent annual growth structure, as Peabody 
has recorded in the Lower Permian of Oklahoma. Both the lamination and 
the bone structures are almost certainly due largely to seasonal climatic 
variation. Korn has even attempted to demonstrate a four-membered annual 
rhythm in the Thuringian sediments. This rhythm is supposedly due to the 
two rainy and two dry seasons found in equatorial regions, but his observa- 
tions are not convincing. 


Long-term Rhythms 


The question of climatic rhythms is raised when we consider the often 
very regular cycles of sedimentation, or cyclothems, which occur in very 
many Carboniferous coalfields. A rhythm of the following type is often 
encountered. 

Marine Shale 

Coal 

Rootlet Bed 

Sandstone Rhythm several meters thick. 
Sandy Shale 


Marine Shale 
Coal 


Cyclothems may be explained cither tectonically, i.e. as resulting from 
a variable rate of subsidence of the area, or climatically, by such indirect 
processes as variations in sea level, and changes in the base level of erosion. 
It is as yet very difficult to establish any climatic factor which would cause 
such a regular variation in sea level. Only eustatic changes of the type 
encountered in the Quaternary seem adequate. Yet, in the present state of 
our knowledge, it appears that the Permo-Carboniferous glaciation did not 
comprise a hundred or more glacial phases. However, if it lasted, as King 
has suggested, from the carly Carboniferous to the Middle Permian, it might 
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have produced enough sea-level variations to account for the relatively few 
megacyclothems. Moore (1958) has shown that most of the small-scale 
rhythms could have been produced by the normal processes of deltaic 
sedimentation. If the cause is held to be tectonic, one may add that 
tectonism could have produced simultaneous slight climatic changes, and 
thus indirectly affected the formation of cyclothems. Weller, in particular, 
has advocated this theory. 

Unconvincing attempts to explain rhythms in the Carboniferous gray- 
wackes of Thuringia, and banding in the Permian evaporites, on the basis 
of 11-year or longer cycles of sunspot activity have already been mentioned 
in Chapter 9. 


Further reading: WHEELER & Murray, 1957. 


TRACES OF GLACIATION 


The Northern Hemisphere 

As the prevailing climate of North America and the greater part of Europe 
and Asia was warm during the Carboniferous Period, no undoubted evidence 
of glaciation has been discovered there. The Squantum tillite near Boston 
(fig. 83), the most likely moraine, is now considered by some authors to be 
older!. Other “‘tillites” are now thought, probably correctly, to be due to 
some such other cause as submarine slumping. These “‘tillites’’ include the 
Caney Shale of the Ouachita Mountains in Oklahoma, which contains 
striated boulders as large as houses (Waterschoot v.d. Gracht, Kramer), 
and boulders in the slightly younger Johns Valley Shale of the same district 
(Moore) and in the Haymond Formation of west Texas (King, Hall). In 1957, 
Misch and Oles again suggested that the boulders of the Johns Valley shale 
were of glacial origin, and derived from drifting ice. It is of historical interest 
only to note that in 1892, at the time when the theory of the great Gondwana 
glaciation was being developed, the Culm conglomerates of Lower Silesia 
were considered to be of glacial origin. The Lower Carboniferous “pebble- 
slates” of Thuringia need not be glacial, as Kalkovsky suggests; they could 
be the products of normal sedimentation (Eigenfeld, Korn). 

Geologists have also been tempted to interpret the Permian fanglomerates 
as glacial deposits; indeed, they were the subject of the first, incorrect, 
report of pre-Quaternary moraines (Ramsay, 1855). More recently, so-called 
Permian tillites have been recorded from the mouth of the River Lena in 
Siberia, and from the Valle de las Delicias in northern Mexico (Humphrey). 
Suggestions that these two deposits are glacial have been questioned by 
Meshwilk and Newell respectively. 


Gondwanaland 
Suess, in his great synthesis, “The Face of the Earth”, clearly showed that 
India and the continents of the Southern Hemisphere all have many features 


1. M. P. Billings still believes it to be Permo-Carboniferous (personal communication to author, 
1961). 
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in common. It is therefore reasonable to assume that in Upper Paleozoic 
times they formed one great land mass, which he named Gondwanaland. 
Today, the problem of this ancient continental block no longer seems quite 
so simple, although one of its main characteristics is apparent; unlike the 
Northern Hemisphere, it abounds everywhere with evidence of widespread 
glaciations, though the exact stratigraphic position of those glaciations is 
still uncertain. The main glacial phase obviously lies somewhere near the 
Permo-Carboniferous boundary, for Teichert has recently observed that, in 
Australia, it took place at the start of the Permian, while in India and South 
America in particular, it is still regarded as Upper Carboniferous in age. In 
any event, early glacial phases took place in the Carboniferous, while late 
phases occurred in the Permian. Hence it is still best to speak of the 
Permo-Carboniferous or Younger Paleozoic glaciation of Gondwanaland. 

India.—This Ice Age was discovered by W. T. Blanford (1856), while he 
was working in India, the only part of Gondwanaland situated north of the 
equator. The tillite (Talchir Tillite) is in places more than 30 m. thick, and 
contains striated blocks. A striated pavement was also discovered by Fedden 
in the Penganga River area (lat. 19° N). The striae ran from southwest to 
northeast. In the Umaria coalfield the tillite is overlain by a marine horizon 
with Productus, so the ice probably advanced through the lowlands to reach 
the sea; in the Salt Range, marine sandstones containing Eurydesma and 
Conulariids are closely associated with the tillites. 

Figure 87 shows that the main glacial deposits lie in eastern and central 
India, between latitudes 17° N and 24° N, in a belt over 600 miles long. 
There are other outcrops in the Salt Range, in the Himalayas, where there 
occurs the Blaini Tillite of Kashmir, thought by some to be Eo-Cambrian, 
and in east Nepal and the Kosi Gorge. The latter was first described by 
Auden and Dutta in 1946. 

In the main outcrop, the boulders may have been derived from the south; 
this would mean that the ice came from the direction of the present equator. 
Jacob, however, inclines more to the view that the ice center lay in the 
region of the Vindhyas and Aravallis, and that from there, the ice streamed 
away to the south and east (see fig. 87). He assumes that the tillites of the 
Salt Range were derived from a separate center in the Sargodha region. 

The succession above the tillite shows the effects of a gradual amelioration 
of the climate. Moraines of the glacial phase are followed by beds containing 
a Glossopteris flora, which may also be regarded as an indicator of a cool 
climate. These, in turn, are overlain, in the Salt Range, by sandstones 
containing the pelecypod Eurydesma and Conulariids, which also suggest 
cool conditions. Above come sandstones with a richer flora, interbedded 
with seams of coal (Damuda Series), and with Productus limestones whose 
fauna is warmth-loving. Not far from India, tillites have recently been 
described from southwest Oman, Arabia, by Hudson (in King, 1958). There, 


the tillites are underlain and succeeded by sandy limestones containing 


Younger Paleozoic 141 


KASHMIR 


SALT RANGE 
Nr 


x KOSI 


RAJMAHAL HILLS 
BIHAR $ 


— 


~~ en* ate 


oe ts 
f MAHANADI 


SATPURAP® \ 
ts 
4 
‘ey 
GODAVARI 
} 





Fic. 87. DisTRIBUTION OF THE LowER GonDWANA BEDS (WITH THE TALCHIR TILLITE) IN 
INDIA 


Direction of ice movement (after K. Jacob) shown by arrows. 


Metalegoceras. The boulders were derived in part from the Precambrian 
shield. 

South Africa.—Here, too, glacial deposits were recognized long ago by 
Sutherland (1868). The most important moraine is the Dwyka “conglomer- 
ate”, for which Penck (1906) coined the term “‘tillite”, now applied to all 
consolidated morainic deposits. 
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The Dwyka Tillite Series is usually some 300-400 m. thick though it may 
occasionally swell to as much as 700 m.; the thickness diminishes northward. 
The boulders and some of the pavements are beautifully striated. The source 
of some of the boulders may be accurately pinpointed; they were derived 
from the north, often from a distance of more than 700 miles. Using these 
boulders, it has proved possible to reconstruct a fairly accurate map of this 
glaciation (fig. 88). In the south, the deposits have been interpreted as 
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Fic. 88. Upper Pateozoic GLACIATION OF SouTH AFRICA 


Arrows showing direction of movement of ice sheets. Four glacial centres (after Du Toit, 
from Krenkel, 1928), 


glacio-marine sediments. In the nearby Kaoko-Feld, in the northwestern 
part of Southwest Africa, banded shales, roches moutonnées with southerly lee 
slopes and U-shaped valleys, have all been observed by Martin. He even 
believes that he has seen corries at Grootberg, but his evidence for these is _ 
not very convincing. 

The tillites and their glacio-marine equivalents cover the southern tip of 
Africa and stretch more or less continuously as far north as lat. 25° 5, 
throughout an area of well over 400,000 square miles. As with the Pleistocene 
continental ice sheets, several ice centers can be detected. The Namaland 
Ice in the west is followed eastward by the smaller Griqualand Ice, by the 
extensive Transvaal Ice, and finally, by the Natal Ice, which must have 
originated in the area now occupied by the Indian Ocean. Whether or not 
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we should assume that there were several ice ages remains unsettled, but 
there may be as many as five tillite horizons. 

Here, too, the tillites are followed by shales containing Glossopteris and, 
at Keetmanshoop, a marine fauna in which Eurydesma is prominent. These, 
in turn, are succeeded by the Karroo Beds with their well-known reptilian 
remains. 

The South African continental ice must also have had some outlet to the 
north. The tillites of North Angola (lat. 10°S Lutoe Series, Mouta) and 
the Congo (Niemba bed of the Lukuga Series) may well represent its deposits. 
So too may the conglomeratic basal beds of the Nyassa Coalfield and the 
typical Dwyka tillite of South Madagascar. The latter rests on crystalline 
rocks and is overlain by coal seams, red beds, and marine limestones with 
Productus (Besairie). 

Australia.—Traces of glaciation in Australia are of even greater signifi- 
cance, for in this continent their time span is greater than in any other. The 
first clear indication of glaciation comes in New South Wales in the Upper 
Kuttung Series, which is probably of Namurian age because of its 
Rhacopteris- Lepidodendron flora. K. Campbell (1961) has recently suggested 
that it may in part be Westphalian, The main glacial series is 600 m. thick, 
and includes several typical tillites up to 20 m. thick. Striated pavements 
are known, the striae being directed toward the north-northwest. Near 
Seaham, there is an excellent example of a varved shale showing slumping 
(Fairbridge). 

Under this succession lies another “glacial series” into which a toscanite 
is intruded. This series does not, however, contain any true tillites, and its 
origin is therefore somewhat questionable (first glaciation of some authors). 

The Kuttung glaciation was probably only of local significance; it may 
possibly have been related to the intra-Carboniferous, Kanimblan, folding 
and uplift of New South Wales. 

The main glacial phase is represented by the Lochinvar Tillite, which is 
associated with a quite different flora, containing Glossopteris and 
Gangamopteris. In the Irwin River area of West Australia, the tillite is 
followed after an interval of about 300 m. by a marine horizon containing 
large numbers of the cephalopod Metalegoceras jacksonii. According to 
Teichert, this fauna is of Permian age, and it is therefore probable that the 
Lochinvar Tillite is also Lower Permian. In other localities, e.g. South 
Australia, where it is not possible to fix the stratigraphic position of the 
tillite accurately, it has sometimes been thought to be Cretaceous, 

The Tillite Series attains a thickness of several hundred meters. In places 
it comprises a repeated succession of glacial and nonglacial sediments which, 
according to Bowen, may contain 51 cycles. Wanless (1960) deduced there- 
from a repetition of glacial and interglacial phases similar to that of the 
Quaternary Ice Age, but this has not yet been proved. 

Besides striated blocks, glacially-scored pavements (fig. 89) and U-shaped 
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Fic. 89. SrRIATED PAVEMENT OF Upper PALEOzoIC GLACIATION: INMAN VALLEY, SOUTH 
AUSTRALIA (after Glaessner and Parkin, 1958). 


valleys have been described from several localities. Traces of this continental 
glaciation are scattered throughout all of Australia and Tasmania (fig. 90) 
over a distance of more than 2,200 miles. In Permo-Carboniferous times, the 
whole continent must have been “‘a veritable Antarctica” (David and 
Siissmilch). The ice center probably lay at some little distance to the south, 
beyond the present coast line, in what is now the Antarctic Ocean. 

The Lochinvar seems to have been the only really widespread Younger 
Paleozoic glaciation in Australia. Sissmilch and David propose two further 
Permian glaciations but in these, as Teichert has pointed out, there are no 


‘ 
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true tillites. Some of the tillite-like deposits are probably glacio-marine; 
other blocks occurring in coal seams are certainly not glacial. The Branxton 
Mudstone, with its many erratics, at the base of the Upper Marine Series of 
New South Wales, is usually regarded as a glacial deposit to be correlated 
with the Woodbridge Glacial Formation in Tasmania. Banks has shown in 
a diagram that many Permian sediments of Tasmania also carry erratics. 

The evidence suggests that during the Permian Period, colder climates 
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Fic. 90. DistRipuTION OF UPPER PALEOZOIC TILLITES IN AUSTRALIA 





~~— Marine area, terrestrial deposits, A glacial deposits (after D. Hill, 1958). 


prevailed briefly from time to time; these were interspersed with periods of 
more active coal formation, and with transgressions of somewhat warmer 
seas. The island of Timor not far from the northwest coast of Australia has 
a rich Permian marine fauna of a type characteristic of a warm climate. 
Gerth has pointed out that this conflicts with the supposed glaciation of 
Australia. Since, however, the main glacial phase is clearly earlier than the 
Permian strata of Timor, this contrast presents no particular problem 
despite the proximity of the two areas. The time sequence of the Australian 
glaciations is shown in detail in Table 25. 


146 Climates of the Past 


TABLE 25 


UPPER PALEOZOIC STRATIGRAPHY OF AUSTRALIA 
(MAINLY NEW SOUTH WALES) 





?ARTINSKIAN Upper Coal Measures 
Upper Marine Series 
Branxton Mudstone at base with glacial erratics (-W. oodbridge 
Glacial Formation of Tasmania) 


ARTINSKIAN Lower (Greta) Coal Measures 





Farley Sandstone 
Lower Allendale Sandstone; fossiliferous limestones (Callytharra) in 
SAKMARIAN Marine NW Australia 
Series Lochinvar Group; glacial beds overlain by strata with 
Eurydesma (Metalegoceras in Western Australia) 





CARBONIFEROUS Kuttung Group with tillite/Burindi Group 


Further reading: CALDENTUS, 1938; Campana & WILSON, 1955; FarrBripce, 1953. 


South America.—Permo-Carboniferous tillites were not recognized as long 
ago in South America as they were in the other southern continents. As 
early as 1888, Derby and White did in fact suppose that certain sediments 
such as the Orleans conglomerate in south Brazil were of glacial origin, but 
striated boulders were not discovered until 1908, by Woodworth, on the 
Harvard Expedition of that year. The glacial deposits of the Falkland 
Islands were described by Halle in 1912. More recently, detailed studies have 
been carried out by Beurlen, Leinz, Maack, Martin, Putzer, and others 
(fig. 91). 

The main outcrops are in south Brazil, where they extend in a narrow 
strip through the states of Sao Paulo, Parana, Santa Catarina and Rio 
Grande do Sul, and on into Uruguay and Paraguay, i.e. from 20°5 to 
35° S, a distance of some 900 miles. The tillite series also appears in the 
southern part of the Matto Grosso. In addition to typical morainic deposits, 
it also contains more normal clastic sediments, particularly sandstones, and 
some coal seams. Its thickness varies from 500 m. in Parana to 1000 m. in 
Sao Paula, suggesting sedimentation in a typical basin area. 

The number of tillite horizons also varies: in Sao Paulo there are five, in 
Parana four, and in Santa Catarina only two; a southward decrease, though 
three glacial horizons are again recorded in Uruguay, and in the Matto 
Grosso. The tillites are sometimes associated with varved shales (Caster, 
1952), which have been used to estimate the duration of each member. It 
was estimated that a single deposit took 10,000 years to form. Some of the 
moraines probably formed in part from floating ice. The glacial beds have 
been referred to as the Itararé Series (Oliveira). White has supposed the coal 
seams to be younger than the tillite series. A later suggestion, however, is 
that some of the coals represent interglacial or interstadial phases of the. 
tillite series, while others are its lateral equivalents. The coal-bearing 
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Upper Devonian. EK—Upper Paleozoic. Q—Quaternary. The age of the occurrences is 
sometimes very uncertain (after R. Maack, 1957). 


Tubarao series may thus be no younger than the Itararé Series, but simply 
a different facies of the same age. 

Striated pavements are known to occur at the 62nd km. post of the 
Sao Bento to Mafra highway, where the grooves trend northwest to south- 
east (Barbosa), in Sao Paulo (Gutmans; grooves northwest to southeast), 
and in Uruguay (Walter; northwest to southeast and east to west). Leinz 
also deduced a north-northeast to northeast trend of flow in south Brazil, 
from measurement of the long-axis orientation of boulders. Despite all these 
measurements, we are still not certain of the direction of ice movement. 
Leinz, Maack, and Martin, after thorough study, all place the ice center to 
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the northeast (Maack, in the present position of the Atlantic). Beurlen and 
Putzer think it lay to the south over the Precambrian Rio Grande shield, 
between Porto Alegre and Uruguay. 

The former group suggest that the greater thickness and greater number 
of moraines would occur adjacent to the ice center; the latter, just the 
reverse, because of erosion near the ice center such as is found in the 
Canadian or Scandinavian Shields during the Pleistocene or in South Africa 
during the Permo-Carboniferous period itself. 

The boulders of the South American tillites consist partly of quartzites. 
Maack found similar quartzites tn situ in South Africa and therefore 
deduced that the South American boulders had come from there. But 
quartzites are too common to be very characteristic of a given area, so they 
are of little use for such source determination. 

The Pasinho-Taio Formation is a marine deposit in the upper part of the 
Itararé Series; in Parafia, it intervenes between the fourth and fifth tillites 
(Maack). Its dominantly pelecypod fauna has been regarded as Upper 
Carboniferous (e.g. Beurlen, 1953), but this age determination is by no 
means as certain as is often supposed, for many of the genera are non- 
diagnostic, and some are unknown elsewhere; it is quite possible that the 
beds are of Lower Permian age. The strata of the Tubario series contain 
a typical Glossopteris flora. 

The bituminous Irati shales of the Passo Dois Series, that overlie the 
Itararé-Tubarao Series, have yielded reptilian remains, especially Meso- 
saurus. These attest to the Permian age of the beds, and as yet provide the 
most important evidence indicating the age of the tillites and the corelahon 
with South Africa. 

Tillites also occur in Argentina. In Harrington’s latest classification in 
1956, they are included partly in the Upper Carboniferous and partly in the 
Permian. On the western margin of the Pre-Cordillera in San Juan Province, 
several tillites lie within a succession several hundred meters thick. Besides 
Glossopteris, some Carboniferous plants have been recorded; Carboniferous 
brachiopods have also been found near Barreal—Spirifer cf. supra- 
mosquensis, Linoproductus lineatus, etc. Tillites are also known to occur on 
the eastern side of the Pre-Cordillera near Los Jejenes and Jachal (Keidel), 
where they rest on a striated Devonian pavement, and in the Sierra 
Bonaeronses (Sierra de la Ventana) south of Buenos Aires, where they 
underlie beds carrying either a Glossopteris flora or a marine fauna with 
Eurydesma. 

Finally, even further to the south, lie the typical glacial deposits of the 
Falkland Islands (Lafonian Tillites). These are again associated with 
Glossopteris and with Dadoxylon trunks bearing distinct annual rings. The 
partially striated boulders cannot all have been derived from the Falkland 
Islands. Adie thinks that the tillites are probably largely of glacio-marine 
origin; yet in West Falkland, striated pavements are beautifully developed. 
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This account of the areal distribution of the tillites is not yet complete, 
for in the sub-Andean zone of southern Bolivia, as far north as lat, 21° S, 
the “Permian” Tarija Group contains a grey clay with striated boulders, 
mainly of red granite, derived from the Brazilian shield (Rod, 1960). 

In retrospect, it appears that the South American tillites are widely 
distributed and of similar age everywhere. That they formed during a fairly 
wide span of time is suggested by the series of tillite horizons present in 
Brazil. In Argentina, too, glacial deposits of differing age probably occur. 
The exact age of the South American glaciation has not been decided. 
Brazilian geologists consider it to be Carboniferous, yet there is nothing to 
show definitely that it is not Lower Permian. 

Antarctica.—The presence of a Glossopteris flora in the Beacon Series of 
Antarctica, has been recognized for many years—hence Mount Glossopteris, 
Jat. 85° S, long. 114° W (Long: also Adic). W. IE. Long (1961) has recently 
found tillites as well. L. C. King’s assumption that conglomerates over- 
lying an undated red bed series in Dronning-Maud Land (73° 8, 30° W; 
Reece, Roots) are the equivalents of the Dwyka Tillite, is not very con- 
vincing. Roots never once discusses the possibility that the conglomerates 
may be of glacial origin. 

Correlation of the Gondwana glaciations.—Disregarding the fact that the 
exact age of the Permo-Carbonifcrous tillites is not yet certain, we may 
reasonably assume that the main glacial phase is approximately the same 
age everywhere. This yields the correlation given in Table 26. It is also 
possible, however, that the main glaciation is not synchronous, but started 
in America and occurred subsequently in South Africa, India, and finally in 
Australia. This hypothesis has recently been advocated by L. C. King, and 
could be explained on the basis of migration of an Arctic climate belt 
through these areas, equivalent to the shifting of the coal belts and the arid 
belt in the Northern Hemisphere. 


TABLE 26 
CORRELATION OF THE PERMO-CARBONIFEROUS 





TILLITES 
SOUTH AMERICA | SOUTIT AFRICA INDIA AUSTRALIA 
L. Passo-Dois Series | Eeea with coals Damuda Serice | Glacial horizon. 
with Glossopteris; and Glossopteris coals and Greta Coal 
Mesosaurus at base | flora; Mesosaurus | Glossopteris flora Measures with 
at base Glossopteris 
Permian, Eurydesma Bed Feurydesma Bed Eurydesma Bed 
(partly | | sa 
U. Carb.?) Tubarao Serics Dwyka Tillite Talchir Tillite Lochinvar Tillite 
coal seams, 
Glossopteris, and 
glacial Jtararé Fim. 
Older Glacial Kuttung with 
Carh. deposits in tillite 
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SUMMARY 


The climatic picture of the Younger Paleozoic is dominated, from Upper 
Carboniferous times onward, by the contrast between the Southern and 
Northern Hemispheres. South America, South Africa, and Australia, 
together with India, by their thick and widespread glacial deposits, bear 
witness to a very cold climate at a time when Europe, North America and 
Northern Asia enjoyed subtropical to tropical climates (fig. 85). During the 
Lower Carboniferous epoch, on the other hand, climatic conditions were 
apparently fairly warm and equable throughout the world. The extent of 
the glacial deposits is indicated in Table 27; but the data are still extra- 
ordinarily uncertain. Maximum development of ice did, however, take place 
at the end of the Carboniferous and beginning of the Permian Period, 
though in Australia at least, the first glaciers formed well within the 
Carboniferous, the last much later in the Permian. We have already 
observed a similar recurrence of glacial phases while dealing with the Older 
Paleozoic glaciers of South Africa and South America. The glaciers alter- 
nated with coal swamps, in which developed a Glossopteris flora indicative 
of a cool climate. In North America and Europe, the climate is assumed to 
have been warm; during the Carboniferous period, the rainfall was heavy, 
but Permian conditions appear to have been distinctly arid. Eastern and 
northern Asia experienced a humid climate, especially during the Permian 


Period. 


TABLE 27 
EXTENT OF UPPER PALEOZOIC GLACIAL DEPOSITS 


AREA OF ICE 








naa sag ore (69 ). MILES) AETER 
South America . 2. ww, 15°S 53°S 1,500,000 
South Africa. 2 2 ww we 6°S 33°S 1,000,000 
Australia. 2... 1 we 18°S 44°S 1,500,000-2,000,000 
India. 2... 1 wwe 32°N 17°N 1,150,000 





Present Antarctic. . 2. . . 5,000,000 








C. E. P. Brooks has attempted to explain the problem of the distribution 
of climatic zones on a paleogeographic basis (Chapter 23, fig. 92). The result 
is, however, very unnatural. It is hard to see why Gondwanaland, in a 
position near the equator, should have been the site of ice sheets. It therefore 
seems better, in spite of the doubts of many geophysicists, to consider the 
position of the poles and the equator, at that time, to have been quite 
different from their present positions. Even this is not enough. A satis- 
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Younger Paleozoic 
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factory solution, like Wegener’s (fig. 93) requires in addition a relative 
displacement of the continents. Indeed, the climatic conditions of the 
Younger Paleozoic provide a powerful argument in favor of this hypothesis, 
Of course, many other objections to Wegener’s theory have not yet been 
met. None the less, we have already seen much evidence in favor of polar 
wandering in the Older Paleozoic; and it now seems that a lesser amount 
of continental drift than Wegener assumed would greatly simplify the 
interpretation of the Permo-Carboniferous climatic evidence (see Salomon- 
Calvi’s reconstruction). 
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E = glaciated areas; K = coal; == evaporites; W = desert sandstones; #33! = arid 


regions; © = north and south poles. Interpretation based on the hypothesis of continental 
drift. 





The continents may then have occupied the following positions with 
respect to the earth’s climatic belts; the Southern Continents near the South 
Pole, North America and Europe in the equatorial region or at least nearer 
the equator than they are now. In the course of the Permian, North America 
and Europe reached the desert belt of the Northern Hemisphere. The great 
extension of arid areas in Permian times is also due, in part, to the Variscan 
and Appalachian fold movements, which were largely responsible for pro- 
ducing continental conditions. A great part of Asia, on the other hand, 
entered a humid zone during the Permian Period. Schove, Nairn and 
Opdyke have recently demonstrated that these ideas agree quite well with 
paleomagnetic researches and with the admittedly few observations on 
wind direction. Schmucker has also proposed a similar reconstruction. 
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Mesozoic 


The Mesozoic Era, comprising the Trias, Jurassic, and Cretaccous Periods, 
provides evidence of climatic conditions which, while rather variable, were 
yet sufficiently uniform in character to allow us to consider the era as a 
whole. The main features of the paleogeography were the relatively great 
extent of land areas at the beginning of the era, the low relief, and the 
existence of a seca connection between the Atlantic and the Pacific, the 
ancient “Mediterranean” of Tethys extending across southern Asia. All of 
these features influenced the Mesozoic climate. 


TEMPERATURE AND PRECIPITATION 


Reef Belt 

In Europe, thick reefs were abundant, particularly in the Alpine geo- 
syncline. The huge limestone and dolomite masses of the Trias, to which the 
South Tyrol Dolomites owe their imposing scenery, belong in this category. 
These masses were recognized as coral reefs a hundred years ago by 
Richthofen and Mojsisovics. Calcareous algae (Dasycladaceae) also play a 
considerable part in the formation of reefs; according to Pia, the number of 
their species is unusually high in the Middle Trias (see Table 13). Rhaetic 
coral reefs are best developed in the northern Calcareous Alps at Achensee 
and Osterhorn. There also appear in the Trias of the rest of the Alps, and in 
the Balkan Peninsula, limestone deposits which in places are many hundreds 
of meters thick; even in extra-Alpine areas, limestones predominate at 
times, e.g. in the Muschelkalk of Germany, the south of France, Spain, and 
Sardinia. 

The Lower Jurassic is rather lime-deficient, but thick limestones are 
developed in the Apennines and North Africa. The remainder of the Jurassic 
carries abundant limestones. Reefs, some of coral, others of sponges, are 
widely distributed in such places as the Jura Mountains—whose reefs were 
mapped long ago by Gressly (see Heer, 1865)—the south of France, Spain, 
Portugal, England (map by Arkell, 1933, p. 559), the Alps—as at Berchtes- 
gaden—and Czechoslovakia where Tithonian reef limestones form the 
Beskids (fig. 94). 

Arkell (1935) showed that even at that time the number of reef-building 
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corals increased significantly towards the equator (Table 10). Thus, in 
Europe, only six species are known from lat. 543° N, while 184 are present 
at 47° N, some 450 miles to the south. During the Cretaceous Period, warm 
seas were characterized mainly by reef-building Rudistids; these thick- 
shelled pelecypods, similar in form to corals, were widespread in the Lower 
Cretaceous of the Mediterranean area. Nevertheless, on the whole, develop- 
ment of reefs was unimportant by comparison with the Jurassic. Ma (1957) 
has indicated this diagrammatically. Figure 122 shows the position of the 
reef belt in each of the three Mesozoic periods. 

Limestones were much less important in the North American geosynclines 
than in Europe, but they did develop thickly in places, especially during the 
Trias. The coral reefs of Nevada (Muller), and the several hundreds of 





Site, Pea! 


Fic. 94. REEF LIMESTONE IN THE Upper Jurassic (TITHON- 
IAN), STRAMBERK, Moravia, CzEcHOSLOVAKIA. (Photograph: 
M. Schwarzbach), 


meters of limestone widely distributed further north in the Upper Trias of 
the Alaska range (Moffit) provide examples. The limestone deficiency in the 
Cordilleras would astonish an Alpine geologist; in fact, the Swiss geologist, 
A. Heim, considered just this contrast between the Alps and the Cordilleras 
(1924); he thought that a cold “Californian current” already existed in the 
Mesozoic. 

Just as in Europe, calcareous sediments characterize the Tethys region of 
southern Asia and Indonesia. A strip of reefs extended almost the whole 
length of the Japanese islands in Middle and Upper Jurassic times. It was 
“perhaps comparable to the Great Barrier Reef of today” (Kobayashi, 1942), 
though there were fewer corals and many more Stromatoporids in its struc- 
ture. Kobayashi believed that a warmer Kuro-Shio current was already in 
existence in the Mesozoic. The warmth-loving Tethys fauna of the 


Cretaceous Period is also present in the “guyots” of the northwest Pacific 
(Hamilton). 


Other Evidence of a Warm Climate 


The acme of reptile development was attained during the Mesozoic Era. 
The giant reptiles undoubtedly signify a warm climate. In the Trias, the 
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localities where they have been recorded lie as far north as Spitzbergen; in 
the Jurassic and Cretaceous, they are found all the way from the Amur 
district of Northern Siberia to Australia and Patagonia. Other evidence also 
indicates that at this time temperatures in high latitudes were greater than 
at present; Lingula, for example. occurs in the Keuper of Spitzbergen. 


TABLE 28 
MESOZOIC SEA TEMPERATURES BY O8 METHOD (AFTER 
UREY, LOWENSTAM, EPSTEIN, MCKINNEY, BOWEN, 
NAJDIN, TEJS, AND TCHUPACHIN) 








{ 
‘ ; - i TEMPERATURE PRESENT SEA 
LOCALITY | HORIZON | “Cc | TEMP. ‘C 
France 1 Linas | 24-25 | 
France | Bajocian Ff 20-21 19-15 
Alberta > Callovian } 24 i 
British Columbia | Callovian 32 | 10 
Alaska 1 Callosian ‘ 17 { 5 or less 
Yranee : Oxfordian 23 { 10-15 
Switzerland * Oxfordian 26-27 i 
New Guinea ' Oxfordian . 16 i 25 
Rutch, India Kimmenidgian 19-25 i 
Skye, Scotland 1 Jurassic ’ 17-23 7-13 
Crimen ( Hauteriv.e Aptian ‘ 13 2-24 
Crimea U. Alb-Cenomanian 19-24 i 2-24 
Germany and Poland * Albian 2s { 
Germany and Poland Cenomanian I6 i 
Germany and Poland Senonion \ 20 ‘ 
England U, Cret. ‘ 16-23 5~15 
Crimea Campanian 17-6 i 2-24 
Volga and Emba District Campanian 15-2! { 
Tennessee " Manstrichtian 20-27 ! 


Temperature values worked out by the 018 method show that, in places, 
the sea temperature was 10° C higher than it is now (Table 28). During the 
Jurassic period, temperatures were uniformly high—as they probably had 
heen throughout the Trias. Observations on belemnoids from Western 
Europe suggest a sea temperature of about 21°C during the Lias. This 
temperature was maintained, or even slightly increased in the course of the 
Jurassic period, and Bowen (196]) records temperatures of between 21° C 
and 28°C in the Upper Jurassic. After a slight cooling in the Aptian, the 
first Cretaceous maximum occurred in the Albian when the temperature 
reached 24° C. 

This was followed by a sharp decline in the Cenomanian, for which 
temperatures below 16° C have been recorded in Denmark by Lowenstam 
and Epstein (1954). All studies have shown that there was a second 
maximum in the Coniacian-Santonian, when sea temperatures rose to almost 
22° C. Thereafter, slight cooling led to temperatures of a little under 20° C 
at the end of the Cretaceous. 

Those localities near the pole where rich floras have been found are of the 
greatest significance. Such a locality (described by Scoresby in 1822) occurs 
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in the Rhaeto-Lias! of Jameson Land on the east coast of Greenland; here 
there are 200 plant species (T. M. Harris). A similar flora has been observed 
in Sweden, Germany, and Japan. In the Dogger? of Graham Land, near Cape 
Flora (Jat. 63° 15’ N), the Swedish expedition of 1902-3 discovered a flora, 
containing numerous Cycadophytes ferns and conifers, which bears an 
amazing similarity to that of Yorkshire but is also closely related to those 
of Australia and India. The plant localities nearest to the poles are probably 
of Middle Jurassic age. The Byrd expedition found stems 45 cm. in diameter, 
and also remains of ferns and Araucarites, on the 10,000-foot high Mount 
Weaver in Antarctica (lat. 87° S). 

Several well-known sites with abundant plant remains are to be found in 
the Lower Cretaceous of the Arctic; and in Alaska, Kome—west Greenland, 
Spitzbergen, and King Charles Land. Heer described 100 species from 
Kome; among them were cycads and ferns. Wood from King Charles Land— 
described by Gothan (1908) as Jurassic—shows distinct annual growth 
rings. In the Upper Cretaceous, a great many species have been recorded 
from Atane and Patoot in west Greenland. From these localities, Nathorst 
has described the leaves and fruit of the now tropical breadfruit tree 
(Artocarpus dicksonii, fig. 95). According to Seward, we must suppose that 
the climate was similar to that of Southern Europe at the present day. 

The Jurassic and Lower Cretaceous floras indicate that at that time, the 
climate of the earth must have been fairly uniform. “In no other geological 
period”, writes Gothan (in Gothan-Weyland, p. 474), “have we .. . had 
a more uniform flora throughout the world than at this time.” 


Boreal Province 


Although at this time the climate varied little throughout the world, there 
was yet, in contrast to the very warm climatic belt, a cooler zone further 
north forming a boreal province (Neumayr, 1883, Uhlig, 1911). This province 
is characterized by the paucity of reef corals and calcareous sediments in 
general, while glauconitic sediments are often very prominent. Its southern 
boundary runs through North America and Central Europe; hence the Gault 
(Albian) forams in England denote a temperate climate (M. H. Khan). 
Other typical boreal elements of the fauna include the lamellibranch Aucella 
and the ammonite Virgatites in the Jurassic, and Belemnitella in the 
Cretaceous. In Japan, the presence of certain ammonites in the Lias and 
Upper Dogger may be attributed to temporary cold currents (Sato) that 
have been compared with the present-day Oya Shio current. Moreover, 
Handlirsch has interpreted the small wing-span of the Lias insects of 
Mecklenburg—11 mm. as compared with 22 mm. in the Malm—as a sign of 
a relatively cold climate. During the Mesozoic Era, however, the boreal 
province was very much warmer than it is today. In Jurassic times, the 


1-2. Rhaeto-Lias= Upper Triassic to Lower Jurassic; Dogger=Middle Jurassic; Malm=Upper 
Jurassic. Ed. 
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poleward limit of reef corals lay over England, some 1800 miles north of the 
present limit (fig. 122). The O18 method has likewise yielded results 
indicating relatively high temperatures. 

The Southern Hemisphere also contains evidence of a boreal zone—at 
least in the Cretaceous—in the southern Andes (Zeil) and in Graham Land 
and Seymour Island (Snow Hill Beds; Taylor, 1940). 








Fic. 95. Lear or A BreaD-Fruit TREE (Artocarpus 
dicksonii) FROM THE UPPER CRETACEOUS OF WEST 
GREENLAND 


Modified after Nathorst, 1890. Original in the Geological 
Museum, Stockholm. The 26 cm. leaf remains were dis- 
covered by an Eskimo in latitude 70° N and “‘its discovery 
was immediately rewarded by the present of a knife”. 


Evidence of Glaciation 

At no time in the earth’s history is evidence of glaciation so scarce as 
during the Mesozoic Era. Undoubted tillites are completely unknown. 
Middle Triassic “‘moraines” near Gorki, to the east of Moscow (Tichvinskaya) 
are probably not of glacial origin; the same may be said of the Upper 
Jurassic and Upper Cretaceous conglomerates of the southern Andes (Zeil). 
Other tillites in the Congo and in Australia, that have long been regarded as 
Mesozoic, probably resulted from the Permo-Carboniferous glaciation. The 
“ice crystals” described by Pfannenstiel from the Lower Muschelkalk of 
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Baden, Germany, may have no climatological significance; neither may the 
needle-shaped structures described by Udden (1918) from the Upper 
Cretaceous sandstones and limestones of Dakota, and by Schuchert from 
Kaglefjord. 


Evidence of Arid Climates 


In many parts of the world, the Trias resembles the Permian so closely 
that we speak of the ‘““Permo-Trias’”’. The red beds that are so often the 
characteristic sediments of the Permian Period also occur in the Trias, and 
the two systems are often more or less indistinguishable, either petro- 
graphically or stratigraphically. In Germany, the type formations of the 
‘‘Rotliegendes”’ in the Lower Permian, and “‘Buntsandstein”’ in the Lower 
Trias, are similar facies; both indicate a climate which at times was excep- 
tionally arid. However, although both Permian and Trias represent 
unusually dry periods in the earth’s history, they are not to be regarded as 
times when deserts continually covered the greater part of the world. The 
Upper Jurassic was another notably arid phase. 

The Buntsandstein sediments of the “New Red” of Europe are typical. 
They consist of clastic deposits, often red in colour, and containing virtually 
no fossils, save only tracks and trails. Cross-bedding, ripple marks, and sun 
cracks are the most common sedimentary structures; clay-galls are also 
abundant. The sediments consist of sandy and clayey detritus carried into 
basins of internal drainage, partly by the wind, and partly by periodic 
floods. Bornemann, Fraas, Walther, and Strigel have all suggested this mode 
of origin for the sediments in Germany. H. H. Thomas, Shotton, and others 
have done likewise in England. 

It is quite certain that the area was occasionally flooded not only by 
shallow seas but also by large pools and shallow saline lakes. Beds containing 
Apodids and Estheria in the middle of the Bunter sandstones of Germany 
were clearly described by Soergel (1928) as the results of desiccation of 
temporary lakes. Rain pits are infrequently preserved. Silicification and 
beds of carnelian, both produced by percolating silicic acid, are charac- 
teristic of this arid type of climate. Remains of the lung fish Ceratodus 
(fig. 54) are also common. 

The facies, represented in Germany by the Buntsandstein, is widely 
developed in England, where it is known as the “Bunter” or “New Red” 
(Scrivenor), in the south of France, in west Sardinia, in the Balearic Islands 
and in eastern Spain. It is also to be found further south in the Moroccan 
Atlas, and east to the foothills of the Urals and the shores of the White Sea. 

Evaporites are commonly associated with the red beds, and while some- 
times nothing now remains but salt pseudemorphs, in many localities there 
are deposits of gypsum and halite. In central Europe, such beds continue 
from the Upper Permian to Lower Bunter—the “Haselgebirge” of the 
eastern Alps—and become common again in the Upper Bunter and Middle 
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Muschelkalk, once the most important salt-producing formation in 
Germany. Further deposits occur in the middle of the Keuper (Gipskeuper). 
In the British Isles, the Keuper also contains thick evaporites in Cheshire, 
Shropshire, Staffordshire, Lancashire, and Ireland. There, saliferous and 
gypsiferous marls attain a thickness of 900 m. The Keuper is also gypsi- 
ferous in the Alps and Apennines; in the foothills of the French Pyrenees, 
there are even potash deposits. Lotze has recorded thick salt domes in 
Spain and in the Moroccan Atlas. These are formed from Keuper salt. 

Evaporites disappeared from Europe at the beginning of the Jurassic 
Period, only to reappear widely in the Upper Jurassic sediments of north- 
west Germany, the Swiss Juras, and the Crimea. The only later appearance 
of salt deposits in this continent is in the gypsiferous Upper Cretaceous 
strata of the north of Spain. 

In North America, the Trias again exhibits much evidence of aridity. In 
the Rocky Mountains, continental red-bed deposits attain a thickness of 
several 1000 m. Typical of such formations are the Moenkopi Formation of 
Lower Trias age, which outcrops in Utah, Colorado, and Arizona, and the 
Triassic Newark Series extending from Virginia to New York State in 
Eastern U.S.A. Rain pits were described from the red shales of New Jersey 
more than 100 years ago by Redfield, who firmly believed that the rain- 
bearing winds blew from the west. 

A similar red-bed facies covered much of the western United States in 
Lower Jurassic times. It is represented by the Navajo Sandstone of Arizona 
and New Mexico, and by the Nugget Sandstone of Utah and other states. 
Gypsum is not at all uncommon in the Triassic strata of the U.S.A., Alberta, 
and British Columbia. The same mineral, together with halite, is also widely 
distributed throughout the Jurassic sediments of the western and southern 
parts of North America, but is much less common in the Cretaceous, where 
it is best developed in the lower part of the system in Arkansas and 
Louisiana. 

In Asia, evaporites are particularly prominent in the Upper Jurassic— 
e.g. the economically important rock salt and sylvite in the Hissar Range, 
and sylvite in eastern Turkmenia and Uzbekistan—they are also to be 
found in many localities among Cretaceous strata (fig. 96). In Japan, the 
Inkstone Group of Lower Cretaceous age contains red sediments. 

Red beds also appear frequently in the Mesozoic rocks of the Southern 
Hemisphere. The areas where coals had developed in the Upper Paleozoic 
were gradually converted into at least semiarid regions. In South America, 
the Botucatu Sandstone, of possible Keuper age, formed in such an area as 
an eolian deposit containing numerous ventifacts (De Almeida). Covering 
as it does an area of some 500,000 square miles, this sandstone constitutes 
one of the most important eolian deposits in the world. From the structure 
of its dunes, De Almeida has deduced that the prevailing wind blew from 
the N.N.E. Gypsum and sometimes halite are also present in the Jurassic 
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Fic. 96. PALEOCLIMATIC Map oF EASTERN ASIA IN THE LoweER CRETACEOUS 
1; 5 = lignitic shales. The arid zone 
1954). 


1 = Gypsum; 2 = rock salt; 3 = arid regions; 4 = coa 
is followed to the north by a humid zone (after J. M. Sheynman, 
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and more especially the Cretaceous sediments of the Andes; evaporites also 
appear in both systems in Africa. 

To sum up we may say that the arid belt of the Northern Hemisphere 
covered more of Europe and North America and lay much further north 
than at present. The northern limit of the belt passed through southern 
Canada and Scotland. At times during the Jurassic Period, it extended 
equally far north to cover almost the whole of the U.S.A. and Europe; only 
in the Cretaceous did it recede southward nearly to its present position, 
when only the southern half of the United States, and a narrow strip in the 
south of Europe continued to experience arid conditions. 


Further reading: SHERLOCK, 1947. 


Humid Regions 

The most important indicators of heavy rainfall are coals and other 
carbonaceous sediments. Their distribution in time and space may be 
summarized in the following manner, though it must be borne in mind that, 
in many cases, the exact stratigraphic position is very uncertain. 

Lower Trias coals are developed in northern central Siberia as indicated 
in Sheynman and Vachrameyev’s maps of the Mesozoic of Asia. The Leigh 
Creek Coal of South Australia, and the Ipswich Group of Queensland may 
also be of Triassic age. Keuper coals are to be found in Germany and in 
Virginia and North Carolina, the site of the oldest coal workings in the 
United States. Rhaeto-Liassic seams occur in Scania (south Sweden), Born- 
holm, western Poland, along the length of the Alps, in the Balkans, in the 
Caucasus Mountains, and in Spitzbergen and east Greenland. In “Angara- 
land’”’, which stretches from east of the Urals and Turkestan, via Irkutsk 
and the Trans-Baikal region to China, Indochina, and Japan, there are 
important deposits of coal with, according to Bubnoff, reserves of 150-200 
thousand million tons. Sheynman considers the main deposits to be Middle 
Jurassic. Coals of this age also occur in Yorkshire, in Scotland, and in 
Norway. Humid conditions in the Southern Hemisphere during the Jurassic 
Period gave rise to the Walloon Series of Queensland, and to carbonaceous 
strata in Victoria. 

Lower Cretaceous occurrences are widespread throughout Germany, 
northeast and east Asia (fig. 96), Spitzbergen, west Greenland, the western 
part of North America, and Queensland (Burrum and Styx River Series). 

Humid lowland areas covered much of Silesia, the Alps, Serbia, Bulgaria, 
Japan, Sakhalin, Spitzbergen and Greenland at times during the Upper 
Cretaceous. In North America, valuable coal seams extend from Mexico to 
Alberta (e.g. Montana Group). Bubnoff has calculated that reserves of 
Cretaceous coal in this continent run to 2.4 million million tons. 

The more humid climate of the areas of coal formation sometimes resulted 
in extensive kaolinization; as in Scania, where the Lias rests on a kaolinized 
basement complex, and where fire clays are included in the Rhaeto-T.ias 
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Fic. 96. Patrocuimatic Mar or EASTERN ASIA In THE LOWER Cretacrous 


1 = Gypsum; 2 = rock salt; 3 == arid regions; 4 = coal; 5 = lignitic shales. The arid zone 
is followed to the north by a humid zone (after J. M. Sheynman, 1954). 
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(Troedsson, Voigt). The decidedly clayey facies of the Lias and Lower 
Cretaceous in Central Europe suggests intensive chemical weathering of the 
source areas. 

Formation of laterites may also be included here, though they tend to 
develop quite close to arid regions and are responsible for the coloration of 
the red-bed facies. Bauxite is best developed in the Lower Cretaceous of the 
Urals (Krotov and Sotova), in the foothills of the Altai Mountains 
(Bogolepov and Popov), in the Harz foreland (Valeton), in the south of 
France, and in Hungary (Bardoschi). 


OCEAN CURRENTS 


There is evidence to suggest that a warm Kuro-Shio, and cold Oya-Shio 
and California currents were already in existence during the Mesozoic Era 
(pp. 154, 156). The Gulf Stream, too, had probably formed, for the northern 
limit of the warmth-loving Rudistids lies a few degrees further north in 
Europe than in North America. This displacement of the climatic belts, 
which corresponds exactly with the displacement caused by the present 
Gulf Stream, was pointed out by Roemer as long ago as 1847. 


SUMMARY 


The whole of the Mesozoic Era represented a warm phase in the earth’s 
history. Glaciation was unknown, and the polar regions were warm areas 
with a rich vegetation. Lateral climatic variation was particularly slight in 
Jurassic times. Definite Boreal provinces appeared for the first time in the 
Upper Jurassic and Cretaceous. 

Some climatic changes are known to have occurred throughout this era. 
In Europe, the Lias stands out as a cooler epoch. Eristavi has inferred from 
the faunal variation in the Lower Cretaceous sediments of Transcaucasia 
that there was a climatic optimum during the Barremian stage, and that the 
cooling which set in during the Aptian reached a maximum in the Ceno- 
manian. Bowen, and Lowenstam and Epstein, have also shown from oxygen 
isotope studies that the Cenomanian was a cool phase. Since boreal 
belemnites advanced as far south as Kopet-Dag, on the northern borders of 
Iran, in what H. and G. Termier describe as a “transgression arctique”’, 
eastern Europe must have experienced a relatively cool climate from the 
Santonian to the Maastrichtian epoch (Najdin, 1959). Further west, 
temperatures were somewhat higher, especially in the Santonian (Bowen). 
The extent to which these climatic variations were produced by such 
palaeogeographic changes as a sea extending to the pole in Lias times, 
remains undecided. 

Other climatic changes took place on a more world-wide scale. The reef 
belt migrated gradually southward, the northern limit moving from about 
55° N in the Trias and Jurassic, to about 45° N in the Cretaceous (fig. 122). 
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In the same way, the evaporite belt of the Northern Hemisphere shifted 
southward, from the European and North American area in the Trias, to 
almost its present position in the Cretaceous. The extent of arid regions was 
unusually great in the Lower Trias and again in the Upper Jurassic. On the 
other hand, the Rhacto-Lias of Europe and Asia, and the Cretaceous of the 
same areas and the western parts of North America were much more humid. 
Throughout all of the Mesozoic strata of Australia, there is much more 
evidence of humid than of arid conditions. 
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Tertiary 


When, genial, a lost Alaska grew brood-blossomed tree, 
and the magnolia stole warm-scented to the Pole. 
Cited in SEwarp, Plant Life, 1931. 


Up to the end of the Mesozoic Era, the picture of the earth’s climate can 
only be reconstructed in broad outline; from the beginning of the Tertiary 
Period onward, it becomes possible to fill in an ever-increasing amount of 
detail. This is largely due to the fact that the flora and fauna now very often 
lend themselves to direct comparison with Recent forms. With the appear- 
ance of the Angiosperms, plants become the most important indicators of 
climatic conditions. 

Throughout the Tertiary, the climate was still warmer than it is at the 
present day, but in the course of the 70 million years or so occupied by this 
period, a gradual but noticeable drop in temperature took place until, by its 
close about a million years ago, climatic conditions were very similar to 
what they are at present. Precise dating of all these beds from which 
climatic evidence is derived, at least into their correct stage (Eocene, 
Oligocene, etc., Table 29), is therefore of particular importance. 

During the Tertiary, those of the great Mesozoic geosynclines which had 
not come to an end in the Cretaceous, were compressed into chains of fold 
mountains. The resultant paleogeographic changes had a critical effect on 
climatic conditions. 


TEMPERATURE AND PRECIPITATION 


The Warm Zone 


Throughout the world, Older Tertiary temperatures were higher than 
corresponding temperatures at present (fig. 105). Evidence for this is 
afforded by the subtropical character of the rich flora recorded from many 
localities now lying within the temperate zone. Palms provide a good 
example; in the Older Tertiary, their poleward limit lay in Alaska (lat. 
62°. N) and East Prussia (lat. 55°.N), and even the Miocene strata of 
Germany carry palms. A classic locality for Miocene floras and faunas is 
Oeningen, on Lake Constance, whence O. Heer described, in the Urvwelt der 
Schweiz, 465 species of plants, and 844 of insects (for the most recent 
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TABLE 29 
SUBDIVISIONS OF THE TERTIARY 


COMMONLY USED MINOR DIVISIONS 








MAJOR 
SUB DEVON: EUROPE NORTH AMERICA 
Pliocene Pontian 
YOUNGER TERTIARY | Miocene paeneean 
(NEOGENE) Helvetian 
Burdigalian 
Aquitanian* 
Oligocene Chattian 
Rupelian 
OLDER TERTIARY Lattorfian 
(PALEOGENE) Eocene Lutetian Uinta, Bridger, 
Ypresian Wasatch (Wilcox) 
| Paleocene Fort Union 





* Alternatively, upper Oligocene. 


account, sce Hantke). According to Czeczott, the present flora of the eastern 
Mediterranean area extended in mid-Miocene times at least as far as eastern 
Poland. 

On account of its smaller land area, the Southern Hemisphere offers fewer 
fossil localities, and therefore fewer possibilities of comparison with the 
present flora, but it too supported a flora typical of a warm, humid climate 
in such places as New Zealand and Chile. Other similar examples have 
already been discussed (Chapter 4). 

Hanzawa points out that the apparently rather cool Oligocene climate of 
Northern Japan is exceptional; even there, the Miocene was once again 
warmer than now. Dorman and Gill’s (1959) oxygen isotope studies have 
indicated that the Tertiary climates of Australia and New Zealand were 
relatively warm. 

Unfortunately, little information is available concerning the Tertiary 
vegetation of the present tropical zone. Dolianiti has mentioned that the 
fruits of the coconut palm (Nipa) occur in the Paleocene beds at Recife in 
Brazil, but they could, of course, have drifted to their present position. The 
Upper Miocene-Lower Pliocene flora of south Sumatra (Kréusel) and 
Rusinga Island, Lake Victoria (Chesters), differs in no essential respect from 
the present flora. Hammen’s pollen spectra from Maastrichtian, Paleogene 
and Miocene sediments of Columbia closely resemble today’s spectra. 

Slight climatic variation is indicated by changes in distribution of such 
plants as palms. Hammen believes that these variations occur over regular 
intervals of 6 million and 2 million years, but this is still completely 
hypothetical. 


c.P.—12 
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Crocodiles infested the Older Tertiary waterways as far north as New 
Jersey, England, and Mongolia, and as far south as Patagonia. Today they 
do not occur north of Florida and North Africa. Eocene beds near Halle 
contain many such tropical beetles as large Bupréstids, Tenebrionids, and 
Pyrophorinids, while termites are present in Lower Oligocene amber in 
East Prussia. 

Warm land areas are also characterized by red weathering products. As 
well as the “Bohnerze” of south Germany and Switzerland (fig. 97), bauxites 
which are, in part, of Older Tertiary age occur in Arkansas, Istria, Dalmatia, 
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Fic. 97. Rep BEDS (BOHNERZE) IN THE LOWER TERTIARY OF THE Swiss JuRA Mountains 
The red beds rest on the Cretaceous and are overlain by Oligocene sediments (from 
Heim, 1919). 


and Northern Ireland. Neogene red beds are present in the Yenesei district 
of Siberia. Lateritization, in present tropical areas can; in places, be traced: 
back to the Tertiary and probably even further, e.g. Guiana (van Kersen). 

The warm Older Tertiary seas contained numerous larger forams 
(Nummulites) which were important as limestone-formers; they flourished 
throughout the length of Tethys, as far east as Indonesia. The Sphinx, near 
Cairo, is a famous example of a nummulitic limestone. Nummulites are also 
found all along the East African coast as far south as Cape Town. They 
probably could survive there because of the effects of an Older Tertiary 
Agulhas current, 

Coral reefs of modest size still formed in Europe, and the coastal waters of 
the Miocene (Vindobonian) sea were strewn with coral reefs from Morocco 
to Catalonia, and the south of France to the Near East (Chevalier). Reefs 
also flourished in the Sarmatian sea covering southern Russia (Vznuzdaev). 

The extension of the warm zone, with respect to its present size, was 
generally greater in Europe than in North America. It is true, as Durham 
has deduced from the Mollusca, that in the Older Tertiary, the 20°C 
February isotherm on the west coast of North America ran north of the 49th 
parallel, whereas now it lies in lat. 24° N (fig. 98); and the Alaskan flora also 
differed quite distinctly from the present flora. On the eastern seaboard, 
however, the coral reefs extended only a little further than now (Forman 
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Showing the gradual southward displacement (after Durham, 1950). 


and Schlanger), and the surface temperature of the Oligocene sea north of 
the Bahamas, has been calculated by Emiliani, using the O18 method, as 
28-3° C, This corresponds, if the calculation is accurate, to the present 
August temperature. The Miocene temperature dropped as low as 24-1° C, 

The favorable climate which prevailed in Europe in the carly part of the 
Tertiary Period was probably duc, in no small measure, to the presence, at 
that time, of a broad sea connection joining the Mediterranean to the warm 
Indian Ocean. 

In the Southern Hemisphere, poleward displacement of the coral reef belt 
is less pronounced, though reef-building corals have been found in the Older 
Tertiaries of South Island, New Zealand, and in the Miocene Forrest Reef of 
the Nullarbor Plain in South Australia, lat. 31° S (Fairbridge, 1953). 

The symmetrical arrangement of the climatic belts with respect to the 
present position of the equator may also show itself in the bipolarity of the 
glauconite zones (Shatski) though, whether this is caused by climatic control 
is by no means certain (Chapter 5). 


Tertiary Climatic Deterioration and the Pliocene Climate 


The gradual decrease in temperature throughout the Tertiary Period can 
readily be detected in the flora, and sometimes also in the fauna. At first, 
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genera now found nearer to the equator predominate. These, however, are 
gradually replaced by genera which are still indigenous to Europe. 

The fish faunas of West Germany (Chapter 4, fig. 99) and the floras of 
northwest Europe (Table 30, after E. M. Reid), afford good examples. Mean 
annual temperatures calculated for northwest and for central Europe are 


shown in Table 31. 
TABLE 30 


PROPORTION OF MODERN GENERA IN FOSSIL FLORAS OF 
NORTH-WEST EUROPE eae ee 


Lower Pleistocene (Cromer). . . . . - 97% 
Lower Pleistocene (Tegelen) . . . . . 2. 6 ss 18% 
Upper Pliocene (Reuver). . . . «© «© 2 «© © 6 © 53% 
Lower Oligocene . . wii. SS, Hah ww Pa ce a bn SBA 
Upper Eocene (Hordle Beds) a vet ears Weel Net ean oo ee hae! BOG 
Lower Eocene (London Clay) . . . . 2. 2. e ee) 2% 


The Pliocene climate was also warmer than that of the present day. 
Thus, at Frankfurt, the beds contain a rich flora comprising nearly 150 
species of a whole number of subtropical genera (e.g. Engelhardtia) described 
by Madler. Similar conditions must have existed in Holland to give rise to 
the abundant Sequoia and Symplocus (Zagwijn). 

According to Bourdier and Sittler, the Pliocene flora of La Raza, in the 
Jura Mountains of France, contains many examples of Taxodium, Nyssa, 
and Sequoia. Szafer determined the following climatic data from the Lower 


TABLE 31 


MEAN ANNUAL TERTIARY TEMPERATURES IN 
EUROPE 





ANNUAL MEAN (°C) 


STAGE LOCALITY AUTHOR 
TERTIARY PRESENT 
Pliocene Frankfurt Estimated from 14 about 9 
Midler, 1939 
Miocene Oeningen R. Hantke, 1954 16 about 9 
Upper Oligocene Rott, near Weyland; Schwarz- 18 about 9 
Cologne bach, 1952 
Eocene London Reid and Chandler, 21 about 10 


Basin 1933 





Pliocene of Kroscienko, in the Polish Carpathians; annual mean 17°~18° C, 
July temperature 29°C, January temperature 4°-5°C, and rainfall 
60 inches. These temperatures appear rather high when compared with 
values from slightly older strata at Oeningen. Heterobranchus still flourished 
in the Vienna Basin during the Pannonian epoch. In eastern Europe, too, 
the flora and the deep lateritic weathering at Batum on the Black Sea 
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denote temperatures higher than at present. The Middle Pliocene Kinelj 
Beds in the catchment area of the Volga carry Juglans, Carya, Taxodium, 
Sequoia, etc. (Grishchenko and Glushchenko). Walnuts were still thriving in 
Kamchatka as late as the Upper Pliocene (Vasikovski). 

Climatic variations of the type experienced in the Quaternary were fore- 
shadowed by similar Pliocene 
changes. This is revealed not 
only by the presence of glacia- % 
tions, alternating with warmer 
phases in circumpolar areas, but 
also by the Pliocene marine fauna 
of Iceland (Bardarson), and by 
the pollen assemblage of the 
Wallensen lignite in the Harz 
foreland (Alitchenger). In the 
latter case other factors such as 
variations in rainfall may also 
have played a decisive role. 

Durham has produced some 
very informative temperature 
curves for the Pacific coast; Dorf 
has given us a comprchensive 
review of climatic changes in the 
middle latitudes of western 
North America during the 
Younger Tertiary. His figures for 
temperature and rainfall, given 
in Table 32, are not claimed to 0 
be absolutely accurate. The dis- 
covery of alligators in the Lower 
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99. TERTIARY 
GERMANY 


Fic. 


Pliocene of Oklahoma (Wood- 
burn) shows that even then, the 
climate was still favorable for 


The climatic habitat of the various supposed 
species is indicated. 1 = tropical; 2 = tropical 
and subtropical; 3 = tropical, subtropical and 


cooler; 4 = subtropical and temperate; 5 = 
temperate to cold. The gradual lowering of the 
temperature during the Tertiary is clearly shown 
(after W. Weiler, 1942). 


them. 

In Australia and New Zealand, 
echinoids provide an indication 
that at the start of the Tertiary 
Period, sea temperatures were fairly high, and that a progressive tempera- 
ture decrease then took place. As a result, by mid-Pliocene times, a parti- 
cularly cool phase had developed, when Notocidaris, a genus of sea urchin 
now living in sub-Antarctic regions, flourished (Fell). 

Very recently, the 018/016 method has also been applied to deep oceanic 
sediments. Emiliani has suggested that bottom temperatures in the eastern 
equatorial sector of the Pacific dropped from 10°C in mid-Oligocene, 
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TABLE 32 


CLIMATIC CHANGES IN THE YOUNGER TERTIARY OF 
WESTERN U.S.A. (AFTER E. DORF) 








| LOWER | M. TOU. | U. MIOCENE | 
MIOCENE MIOCENE TO L. M. TO U. PRESENT 
| BRIDGE MASCALL PLIOCENE PLIOCENE 
H CREEK PAYETTE WEISER ALTURA 
| FLORA FLORA FLORA FLORA 
en a i et 
Mean annual 
temperature (°C); 14-2 14-2 14-2 10 10 
Mean = tempera- | | 
ture of — six | | 
warmest weeks 18 18 18 | 20 H 22 
a 
Mean _tempcra- | 
ture of two 
coldest wecks 10:8 8-6 3-1 —255 





| 
Frost-free days 254 | 230 


Mean annual | 


rainfall (inches) 50 | 35 | 25 175 12 


through 7°C in the Miocene, to 2°C in the Late Pliocene. The present 
bottom temperature is 2° C. 
Further reading: KOENIGSWALD, 1930. 


Rainfali in Europe 

Lignite beds are especially extensive in Germany, where reserves total 
13,000,000,000 tons in the Eocene and 45,000,000,000 tons in the Oligocene 
and Miocene. Such vast deposits must betoken considerable rainfall during 
great parts of the Tertiary. From time to time, though, some areas 
experienced conditions more arid than those which prevail at present. In 
this connection, certain areas of Europe merit special mention. Aridity 
during the Upper Eocene to Lower Oligocene is indicated in the Paris basin, 
and the northern Pyrenees foreland by beds of gypsum, and in the Ebro 
basin and Upper Rhine valley by beds of potash salts. Rock salt is present 
in the Lower Miocene strata of Hesse and in the northern Carpathian 
foreland where potash salts also occur. The Upper Miocene (Sarmatian) 
climate of the Tertiary basins of Spain, Italy and Sicily must have been dry, 
for halite and potash salts developed. The Vienna basin, with its steppe 
flora and fauna (Berger and Thenius) was another arid region. In Bessarabia, 
between Dniester and Pruth, the Lower Sarmatian was still fairly humid, the 
annual rainfall being about 40 inches. In the Middle Sarmatian, precipitation 
dropped to about 25 inches (Jakubovskaya). According to Crouzcl, the 
Pliocene of the Aquitaine basin was drier than the Miocene (cf. the Aegean 
dunes; Mistardis). On the other hand, silicified pebbles in Pliocene strata of 
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Germany are not proof of arid conditions, for the silicification occurred 
earlier. 

It seems therefore that, at times, there was a fairly general and widespread 
tendency toward aridity, particularly in the Upper Eocene and Sarmatian 
epochs. Such conditions could be explained on the basis of a slight north- 
ward shift of the present desert belt of North Africa. Regression of the sea 
may also have had some effect. If we combine the evidence of aridity with 
the evidence of humid conditions, given by the German lignites, we may 
suggest that the Middle Eocene, with its coals, was a period of high 
humidity, that the Upper Eocene and Lower Oligocene were generally arid, 
and that rainfall was again considerable in the Lower Miocene, when there 
are more lignites. The Upper Miocene was another period of marked aridity. 

Local orographic factors must be taken into account as well as general 
shifting of the arid belt, for rising mountains must have produced rain- 
shadow areas. Such influences may readily be supposed to have affected the 
Rhine Graben (because of the Vosges). The leeward sides of the Carpathians 
and Pyrenees would also be rain-shadow areas and so would the Vienna 
basin (because of the Alps). 

The climatic development in Russia differs from that of the rest of 
Europe: there, the Tertiary Period was often more humid than today, and 
the Ukraine was not, as it is now, covered largely by treeless steppes. This 
is clearly shown by the vegetation maps produced by Pokrovskaya (see also 
Klotz, 1955). Evergreen “tropical” and subtropical woodland predominated 
in Eocene times. In the Oligocene, the mixed coniferous and deciduous woods 
contained many subtropical evergreen genera and Taxodium swamps. At the 
start of the Miocene (fig. 100), there were deciduous forests which gave way 
later to mixed pinewoods and deciduous woods. Steppe floras were not 
established until the latter part of the Miocene, when the change is obviously 
closely related to the paleogeographic development of eastern Europe. 
During the Eocene, an east Ural seaway connected the extensive Tethys to 
the Arctic, but, as the Tertiary Period progressed, the seas gradually 
regressed to produce more or less the present extent of the continents, 
although the temperature was clearly higher than at present. 


Further reading: MaBESOONE, 1959. 


Rainfall in North America 


The effects of a mountain range on rainfall are displayed in classic 
manner in the western part of North America (Chaney, Dorf, Axelrod; 
Table 32). The present intermontane desert areas of the Great Basin and the 
Mohave Desert have yielded rich Cretaceous and Cenozoic floras which 
indicate that lush forests flourished in the Upper Cretaceous, and during 
the greater part of the Tertiary. At first, the climate was hot and humid. 
The first indication of a lower rainfall is afforded by the mid-Eocene Green 
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Fic. 100. Vecerarion Map or USSR 1n THE Lower Mi0cENE 
1 == Mixed coniferous and deciduous forest with abundant Sciadopitys; 2 = Deciduous 
hardwoods with proportion of subtropical evergreens and Taxodium moors; 3 = Mixed 
pine and deciduous hardwood; 4 = Deciduous forest; 5 = Very dense deciduous forest, 
steppe flora on the watersheds; 6 = Pine and spruce forest with Tuga and some deciduous 
trees (after J. M. Pokrovskaya from G. Klotz, 1955). 


River flora of the central Rockies; another, by the somewhat younger 
(Lower Miocene) Florissant flora of Colorado. In the Miocene (fig. 101), the 
Great Basin contained an arcto-Tertiary flora with deciduous hardwoods 
and conifers. At this time, the rainfall of some 40-50 inches was distributed 
evenly throughout the year. The Mohave Basin supported a Madro-Tertiary* 
vegetation with evergreen oak, thorn scrub and chaparral. Here the climate 
was semiarid, the 16-26 inches of rain falling in the winter. At this time, 
some slight mountain uplift took place to the west, and the coastal slopes 
carried a flora characteristic of a more markedly humid zone. A semiarid 
climate prevailed in the mid-Pliocene; grassland and shrubland pre- 
dominated. It is estimated that the annual rainfall was about 16 inches in 
the north and 12-14 inches in the south. The main uplift of the Sierra 
1. Madro-Tertiary: After Sierra Madre of Mexico. 
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Nevada and the Coast Range followed still later, and resulted finally in 
conditions like those of today, with only 4—8 inches of rainfall in the Great 
Basin area. These conditions were attained step by step as a result of 
Pleistocene events. 

How precise is our knowledge of rainfall conditions, especially in the 
Younger Tertiary, is shown by the fact that rainfall maps have been 
produced to cover large areas such as the southwestern U.S.A. (Axelrod), 
even if they are not quite accurate. Axelrod (1956, fig. 12) jokingly gives as 
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Fic. 101. DEVELOPMENT OF VEGETATION IN THE YOUNGER TERTIARY OF THE NORTHERN 
PART OF THE GREAT Basin, Utan 


Increasing aridity (after Axelrod, 1956). 











the Lower Pliocene weather forecast for a summer’s day at Middlegate 
Nevada, “‘Continued clear with afternoon showers.” 


Rainfall in Other Areas 


Widespread salt deposits indicate that those areas of North Africa and 
Asia which are now arid already experienced such conditions in the Tertiary 
Period. According to Lotze, the formation of evaporites in Asia was most 
intensive in the Lower Miocene and in the Sarmatian, which were also the 
periods of greatest development of European evaporites. 

In Kazakhstan, the Eocene flora is of xerophilic evergreens, while the 
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mid-Oligocene climate must have been humid and semitropical with a 
distinct seasonal rainfall (Lavrov). 

Mid-Oligocene coals occur widely between the Aral Sea and the Altai 
Mountains, and also further north in western Siberia. They are followed, in 
the Lower Miocene, by saliferous beds, signifying arid conditions. The 
Angara region of the Yenisei highlands in northeast Siberia enjoyed, says 
Bogolepov, .a warm humid climate at the start of the Oligocene, and 
supported the “Turgai” flora of oak, chestnuts, etc. Later, however, the 
climate became more arid. The Younger Tertiary is also relatively dry and 
cooler, although red bed weathering is still in evidence. 

Evidently the character of the climate varied both in time and from place 
to place in Eastern Asia. In many parts of Southeast Asia, from Burma and 
Assam northward to Japan, the nature of the early Eocene flora suggests 
that it accumulated in subtropical swamps. At times, however, the climate 
may have been more arid for there are red beds of Eocene age in China and 
Japan. Floral variation indicates that the gradual fall in temperatures which 
has been mentioned as occurring in the Tertiary of the remainder of the 
Northern Hemisphere also affected this area. There was, though, a general 
mid-Miocene amelioration with a temporary return from temperate to 
subtropical vegetation. Temperatures dropped sharply in late Miocene 
times and, despite a slight improvement in the Pliocene, the climate of the 
late Tertiary appears to have been cooler than that of the present day. 
Rainfall at this time was very variable. Coniferous woodlands in Japan 
suggest a considerable rainfall, but in the north of China, both the flora and 
the presence of red beds are indicative of semiaridity. Teichert considers 
that there was a late Pliocene pluvial phase in China. 

Little is as yet known about the Tertiary climates of South Africa, 
though both the Kalahari and the Namib regions were arid. Gypsiferous 
clays also occur further north in the Congo. A mammalian fauna indicative 
of a steppe climate, has been described from mid-Tertiary sediments in 
southwest Africa. 

In South America there are isolated outcrops of gypsum and sometimes 
also of halite in the Older Tertiaries of Peru, Colombia, Bolivia, and further 
north, in Jamaica. Younger Tertiary evaporites are also present in Peru. 
The climate of the western part of South America was greatly affected by 
the progressive uplift of the Andes. To the east of the mountains, the 
climate was probably wetter. The fruits of palm trees have been recorded 
from Equador and the plants of Brazil all appear to have been tropical. 

Oddly enough, salt deposits are missing from Australia. Only in the 
Eocene of New Caledonia are there beds of gypsum. Lateritic “duricrusts” 
occur widely, particularly in Western Australia. They are probably of 
Miocene age and indicate fairly heavy rainfall. Bauxite is developed as far 
south as Tasmania. In the same island, lat. 43° S, Araucaria flourished in 
the Tertiary. At present, the genus is found only where the temperature 
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never drops below 12° C. The climate was generally warmer than at present, 
but temperate floras of beech and conifers were developed, especially in the 
Younger Tertiary. 


Seasonal Climatic Variations 


The very finely banded oil shales of the Green River Formation of 
Colorado, Utah, and Wyoming, investigated by Bradley (1929), deserve 
mention as evidence of a distinct seasonal variation in climate (Chapter 9). 
European examples include the Oligocene leaf-coal of Rott near Cologne 
(Schwarzbach, 1952; Chapter 9, fig. 68), and the Oligocene molasse of 
Switzerland (Bersier; Chapter 9). In every case, changes in the amount of 
rainfall may well have been the decisive factor. His research on the lamina- 
tion of Eocene otoliths from Geiseltal near Halle, led Voigt to propose that 
there were two wet seasons in each year, but his evidence is rather 
inconclusive. 


Evidence of Glaciation in Low Latitudes 


While extensive ice sheets may have spread over the polar regions in the 
Younger Tertiary, and also appeared in Iceland and Alaska, few undoubted 
morainic deposits are known from elsewhere. W. W. and W. R. Atwood have 
described the Ridgeway and Gunnison tillites from the San Juan Mountains 
in Colorado, but van Houten has shown that they can also be interpreted as 
volcanic mudflows. In the same way, certain conglomerates in the Big Horn 
Mountains which Hares interpreted as glacial, may well be explained as 
Early Tertiary fanglomerates (Sharp). Scott, however, has also found tillites 
in Montana containing striated boulders. These he equates with an Eocene 
“glaciation”, though their age cannot be accurately determined by any 
direct stratigraphic methods. The Lower Austrian deposits, interpreted by 
Mohr as Tertiary moraines, are even more problematical than these North 
American “‘tillites’”. In the Caucasus Mountains, Milanovski (1960) has 
observed tillites which he regards as Pliocene. 


The Polar Regions in the Tertiary Period 

The rich floras of the Arctic, described more than 200 years ago, are 
particularly impressive because they are found in areas which now lie north 
of the poleward limit of trees. O. Heer, the pioneer in this research, reported 
his findings in Flora Fossilis Arctica (1866-1883). These have been revised 
many times especially by Berry. Important fossil localities are also to be 
found in Iceland, Greenland, Spitzbergen (fig. 102), and Grinnell Land 
(lat. 81° 45’ N), the nearest Tertiary plant locality to the pole. According to 
Berry, 15 genera are known to occur in Grinnell Land; among them 
Equisetum, Taxodium, Pinus, Abies, Populus, Betula, and Corylus are 
prominent. Schloemer-Jager (1958) mentions as the main elements of the 
Spitzbergen flora (lat. 78°N), Sequoia langsdorfi (fig. 23), Metasequota 
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Fic. 104. DispLACEMENT oF SNow LINE IN ANTARCTICA, NEW ZEALAND, AND AUSTRALIA 
DURING THE PLIOCENE AND QUATERNARY (after G. Taylor, 1940). 





OCEAN CURRENTS AND WIND DIRECTIONS 


Forerunners of our major ocean currents can be detected in the Tertiary 
as well as in the Cretaceous (fig. 105). The climate of Europe was influenced 
by a Gulf Stream, while a Kuro Shio, reaching the Pacific coast of North 
America, enabled palms to thrive in Alaska. The peculiar distribution of 
Nummulites in Africa may be attributed to the presence of a warm Agulhas 
and a cold Benguela Current. 

Semper has pointed out that, in the early part of the Tertiary Period, 
a warm current from the Indian Ocean penetrated into the Mediterranean. 
It was probably produced by the northeast Trade Winds whose sphere of 
influence then extended further north, because the high-pressure belt of the 
horse latitudes was shifted nearer the North Pole at that time. Some 
isolated observations also make it clear that Central Europe already lay in 
the belt of the Westerlies. Voigt records that pollen concentrated on the 
eastern margins of Eocene pools near Halle; Hintze suggests that trees in 
the Oligocene lignites of Bitterfeld were blown over eastward. 


SUMMARY 


The climatic picture afforded by the Tertiary is relatively easy to assemble 
(fig. 105). In the early part of this Period, more or less all of the world 
enjoyed a climate considerably warmer than that which we experience now. 
The warm zone appears to have extended some 10°-15° further north and 10° 
further south than it does at present, while the polar limit of trees shifted 
poleward even more; by some 20°-30° in the Northern Hemisphere, and 10° 
in the Southern Hemisphere. Many types of trees flourished in the polar 
regions and polar icecaps did not exist. The temperature difference between 


ps 
5 
ae 


fs 


t+ 





¢ Climatically Demonstrable Mountains 
t 


179 


w) 
ea 
oc 
ce 
65 « 
— 
g2 z= 
ae a 
° PS 
=O 3 
% 
ehh 3 
fol 
xs) $ 
uU a 
° 
o5 3 
3 un) 
4% fs 
5SYoO oO 
YES r= 
Lot, & 
45,0 
vg ~~, 
ae] Oo » 
EEES & 
q2%@ao 
ti UE Eg 
ue ea B 
ial 
a4 
3) 
cd 
© 
4 


“ 

0 

= 

2 
a] 
cof 
0 os 
jAnZz 
. 


Fic. 105. Cumratic MAP oF THE 


180 Climates of the Past 


the poles and the equator was less than that at present; the overall climate 
of the earth was more uniform. 

In the course of the Tertiary Period a gradual general cooling was super- 
imposed on the climatic fluctuations, so that, by the Pliocene, conditions 
were almost as they are now. The first glaciers appeared in the Arctic 
region, and probably also in the high mountain chains, in the latter part of 
the Tertiary. 

Part of the climatic variation was due to changing paleogeographic 
conditions. The increasing aridity of western North America, for instance, 
was due to mountain building. Generally speaking, the desert belt of the 
Northern Hemisphere reached slightly nearer to the pole than it does now. 

The symmetrical distribution of the climatic belts with respect to the 
-equator, and also the manifest similarity of the ocean currents with those 
of the present day, make it very improbable that there was any great 
displacement of the poles. Chaney arrived at this same conclusion by 
reconstructing Tertiary “isoflors”. It therefore follows that Képpen and 
Wegener’s paleogeographic map of this period can hardly be correct. 
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Quaternary 


“You may shake your head incredulously, when I 
suggest that you should consider the garden of Switzer- 
land, the whole wide range of hills between Lake 
Geneva and the river Reuss, to have been once covered 
by glaciers. Yet there are many factors which support 
the probability of such an assumption.” 

B. Corra, Geologische Briefe aus den Alpen, 1850. 


DELIMITATION OF THE QUATERNARY 


Although the Quaternary Period, lasting only about 1 million years so far 
is much the shortest of all the major divisions of geologic time, it is 
unparalleled climatologically in its development of Ice Ages. Moraines were 
first discovered about 1800 in the Swiss Alps, but for a long time, most of 
the Quaternary deposits were regarded as products of the Flood. In 1823, 
Buckland coined the term Diluvium—Latin for Flood—for the Pleistocene. 

Since then, particularly in Europe and North America, the main glaciated 
regions, the study of the “Ice Ages” has become a separate branch of 
geology, with its own societies, congresses, and periodicals. Hence, only 
a small part of all our present knowledge can be dealt with here. It is 
recommended that for further information the reader should consult the 
excellent general texts recently produced by J. K. Charlesworth, R. F. Flint, 
R. von Kiebelsberg, P. Woldstedt, and F. E. Zeuner, or the Soviet writers 
Gerassimov, Markov, Neystadt (summarized very well by B. Frenzel). 

The 1948 International Geological Congress in London decided that the 
appearance of the peculiarities of a “glacial climate” should be taken as 
the upper limit of the Tertiary. Obviously, in areas as well known as Europe 
and North America, this leads to ambiguity, for Tertiary glaciations have 
been recognized in the northernmost parts of these continents. In standard 
sections in Italy, the boundary is taken at the point where cold-water marine 
species, especially Cyprina islandica, appear for the first time. This has 
meant that two stages formerly regarded as Pliocene, the Villafranchian and 
Calabrian, are now included in the Pleistocene. At present the Quaternary 
is divided into the Pleistocenc—formerly known as the Diluvium, the time 
of the real Ice Age—and the Holocene or Recent, which represents the 
postglacial period, formerly known in Germany as the Alluvium. 

cp.—I3 
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A slightly different and, in many ways, well-founded division has been 
proposed by the Russians (Gromov, Krasnov, Nikiforova, 1959, and 
Moskzitin). They recognize three subdivisions: the Eopleistocene, Q,, the 
Pleistocene, Q., and the Holocene or Epipleistocene, Q;, in the Quaternary 
or Anthropogene. 

The Pleistocene can also be divided into Glacial and Interglacial phases, 
The Holocene covers only the last 10,000 years. 


Further reading: Mosxvirin, 1954; Nrxirorova & ALEXEYEVA, 1959, 


CLIMATE DURING GLACIAL PHASES 
Glaciated Areas 
Huge ice sheets formed several times during the Pleistocene, particularly 
in Europe and North America, but also in Northern Asia, South America, 
and in many of the world’s mountain chains (fig. 106, Table 33). Those areas 
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Fic. 106. Maximum ExtTEeNT OF THE PLEISTOCENE IcE IN THE NORTHERN HEMISPHERE 
(From R, A. Daly, 1934). 


of the world formerly covered by ice sheets and their marginal deposits 
constitute the true glaciated areas. Their climate will be considered first. 

The extraordinary spread of the Pleistocene continental ice sheets must 
have needed a fundamental change in climatic conditions. It is now accepted 
that the critical factor was a decrease in temperature, not an increase in 
precipitation. Climatic conditions altered in the course of individual Ice 
Ages; naturally, they were also quite different in different latitudes. In 
general, advance of the glaciers was linked with the appearance of a cold, 
damp climate; a cold dry climate was then developed over the expanse of 
the ice sheet itself. 
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TABLE 33 


EXTENT OF RECENT AND PLEISTOCENE ICE-SHEETS 
AFTER FLINT 





MAXIMUM EXTENT 


PRESENT PLEISTOCENE «| 
SQ. MILES SQ. KILOMETRES 
Antarctica 5,019,300 12,600,000 
Greenland 637,050 1,700,000 
5,511,000 13,200,000 
935,000 2,200,000 
5,071,000 13,100,000 
957,000 2,500,000 
Scandinavian. fee 2,145,000 5,500,000 
British Ice 176,000 450,000 


Alps 14,750 38,500 
West Siberia 1,628,000 4,200,000 
East Siberia 440,000 1,100,000 








Central Asia 440,000 1,100,000 

S. South America 297,000 750,000 

Whole earth 5,830,120 15,000,000 
| Whole earth 18,363,400 45,000.000 


Boulder clay with erratic blocks (fig. 107), and the land-forms associate: 
with its deposition—such as end moraines, striated pavements, roche 
moutonées, drumlins, and glacial run-off channels—provide the mos 
significant evidence of former glaciation. These all help to create the typica 
flat, glacial landscape of northern Europe, North America, and norther: 
Asia. In formerly glaciated mountain chains, such features of glacial erosio: 
as roches moutonnées, U-shaped valleys, and corries, are much in evidence 
It should, however, be remembered that these land forms are largely th 
result of the Last Glaciation. Regions affected by the Penultimate Glacia 
tion exhibit only fragmentary end moraines, a very few glacial lake deposit: 
and drainage channels modified by later weathering (Chapter 5). 

Around the perimeter of the glaciers, in what are known as the periglacic 
areas, there appear various permafrost phenomena—including ice wedge: 
cryoturbation, etc.—eolian deposits of loess, and asymmetrical valley: 
France, for example, formed part of the periglacial area of Europe, a 
Tricart’s map shows. 
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Fic. 107. Erratic BLock NEAR BRrESLAU (WROCLAW), POLAND, which has been carried at 
least 600 Km. by the Scandinavian ice-sheets (Photograph: M. Schwarzbach). 


To these inorganic indications may be added organic evidence. Floras, 
including Dryas, etc. (fig. 45), that are very suitable for pollen analysis, and 
such vertebrates as musk ox, reindeer, mammoth, and woolly rhinoceros, 
are all adapted to life in a cold climate. In addition to the terrestrial fauna, 
there were also marine organisms inhabiting the neighboring seas. These 
included Yoldia (Portlandia) arctica, found in the late glacial phase of the 
Baltic, and the arctic whale Balaena mysticetus, in the late glacial sediments 
of the Lower Rhine (Jux and Rosenbauer). 

Some examples of the fall in temperature during the Pleistocene period 
are collected together in Table 34. It can be seen from these that we must 
suppose a maximum fall in temperature of 8°~13° C in temperate latitudes 
of the Northern Hemisphere. More recently, however, Kaiser (1960) has 
proposed a higher value of 15°-16° C. All these estimates apply to the latest 
(Wurm) glaciation. Since the extent of the ice sheets was even greater in the 
preceding glacial phase, the drop in temperature at that time can hardly 
have been less (fig. 108). The decrease in summer temperatures may have 
been different from the decrease in winter temperatures. The poleward limit 
of trees gives us a clue to the summer difference as it generally coincides 
with the 10° C July isotherm. Now, Poser has recently pointed out that the 
western parts of central Europe were covered by a treeless tundra, and that 
the ground was permanently frozen, whereas in the permafrost area of 
Hungary, there was woodland. The presence of permanently frozen ground 
requires a mean annual temperature below —2° C. Thus, where the tree 
limit cuts the permafrost limit, in the foreland of the Eastern Alps, it may 
be assumed that the July isotherm was just about 10° C, and the annual 
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TABLE 34 
DROP IN TEMPERATURE DURING THE ICE AGE 





PLEISTOCENE 
TEMPERATURE 
LOWERING (°C) 


TEMPERATURE INDICATOR AUTHOR 





Dryas octopctala in Central Europe 10 C. Gagel, 1923 
P. Range, 1923 
Picea glauca and P, marianna in Texas 8 in July J. E. Potzger and B.C. Tharp, 
19%7 


1 
1 
4 
i 
‘ 





| 
| 
| E. Werth, 1925 
| 
‘ 
| J. 


Picea and Abies in Florida 7-8 in July Davies, 1916 





\ 

1 
Pinus koraiensis in Japan | ve. | S. Miki, 1956 
Tundra polygons in England | 134 | F. W. Shotton, 1960 
Frost fissures in central Germany i] |W W. Soergel, 1936 
Frost fissures in Montana »8 | J.P. Schafer, 1949 
Lowering of snow line in Alps | > 6 A, Penck, 1938 
Lowering of snow line in Colorado 555 | E. Antevs, 1954 





Lowering of snow line in central Japan | 44-6) in summer ’ M. Hoshiai and K, Kobayashi, 
+ 1957 
I 





mean was —2° C. Monthly temperatures can then be estimated as shown in 
Table 35. These show that July temperatures were about 8° cooler than they 
are today, and January temperatures 12° cooler. Further cast. the summer 
was warmer, the winter colder, as the climatic type became more con- 
tinental. On the other hand, in the west of France, the temperature decrease 
in summer and winter amounted to about 7° C and 0°-3° C respectively. 


TABLE 35 


MONTHLY TEMPERATURES IN THE EASTERN ALPINE 
FOOTHILLS, DURING THE WURM GLACIATION. AFTER 





POSER 
J F M A M J J AS 3) N D 
-iM  -12 ~8 -2 4 #8 10 8 %4 =-2  —8 —12-€ 





According to Poser, those temperatures controlled the depth to which the 
permanently frozen ground thawed in summer, Where summer temperatures 
were high, e.g. in Honea the depth of thaw was particularly g ereat and 
trees sould flourish. These statements are, however, still in need of further 
supplementation before the above temperature values (1 be regarded as 
completely reliable. 
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Fic. 109. Winns anp ArosrHenic Pressvre in Evrore rn SUMMER puRING THE LATE 
Gracian Prasrs 


The numbers indicate individual localities; the arrows, wind direction (from dune bed- 
ding) and the hatched lines, the ice margin at the beginning and end of the Late Glacials. 
(From Poser, 1948). 


Precipitation in the glaciated areas was probably not high: indeed, it was 
perhaps even less than at present. This is evident from the fact that the 
lowering of the snow line was not so great as ought to have resulted from 
about a 10° C drop in temperature. Nowadays. a decrease in temperature of 
0.5° € corresponds to a 100 m. depression of the snow line. so that a 10°C 
decrease should have produced a 2.000 m. depression; about double the 
actual observed value. This too small drop in the snow line may also be 
related, as Mortensen showed, to the fact that the fall in temperature was 
greater at low altitudes. 

During the late glacial phase in particular, i.e. during the latter part of 
the Wim Ice Age. dune bedding indicates the direction of the prerailing 
tcinds in several parts of Europe. Poser has attempted thereby to reconstruct 
the position of high and low-pressure areas in central Europe (fig. 109). In 
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summer, the anticyclones centered over Scandinavia and the Alps gave rise 
to west winds in north Germany, northwest winds in Silesia and Poland, and 
north winds in Hungary. These observations are undoubtedly somewhat 
fragmentary. Moreover, it is certain that not all the dunes belong to this 
period; many are much younger. Lotze considers that those in the Lippe 
valley in Westphalia are not more than 2,000 years old. 

Further reading: S. T. ANDERSON, 1961; Ditton, 1956; Kiure, 1951; Ratayens, 1954; 
H. E. Wricat, jr., 1961. 
Lower Latitudes and Arid Regions 


The whole earth experienced a drop in temperature during a glacial phase, 
and the snow line was depressed everywhere, even at the equator, to some 
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Fic. 110. PRESENT-DAY AND PLEISTOCENE SNow LINES ALONG A MERIDIAN 


The migration of arid areas is also indicated. The snow line shows a constant world-wide 
depression. (From Penck, 1937.) 


500-1500 m. below its present level (fig. 110). According to Flint, the 
difference on Mount Kilimanjaro amounted to some 1300 m. while, in the 
Andes, it ranged up to 1400 m. (Wilhelmy). Flohn has proposed that, in the 
tropics, the temperature was 4° C less than it is just now, which would mean 
that the annual mean at the equator was 23° C. At the same time marine 
temperatures in the warmest parts of the oceans cannot have dropped below 
20° C, otherwise reef corals would not have survived the glacial phases so 
readily. During such phases their distribution was naturally restricted (see 
Daly, 1934, and his glacial control theory). 018 estimates also indicate a 
marine temperature of about 21° Cin the equatorial zone (Chapter 11). The 
smaller decrease in temperature of the tropics as compared with higher 
latitudes is indicated by the fact that, at least in the tropical lowlands, it 
had little or no effect on the flora, fauna, or sedimentation. 

On the other hand, the climates of present desert areas were greatly 





Quaternary 189 


affected. During the great glaciations, especially in the Northern Hemi- 
sphere, the West Wind Belt was forced equatorward; consequently, at least 
the poleward limits of the deserts received a more abundant rainfall. Thus 
a glacial phase in the polar regions corresponds to a “pluvial’”’ with reduced 
temperatures nearer the equator. The influence of pluvials can also be 
detected quite clearly in semiarid regions. 

Pluvial effects are known from every present desert area. In North 
America, the Great Basin is a well-known example of an area which, during 
the last glacial period, was flooded by such extensive lakes as Lake 
Bonneville (figs. 55~56). The old lake terraces indicate the former high levels 
of water. The classic description of these terraces is that given by Gilbert in 
1890, but Ives (1948) has shown that they were recognized by the Franciscan 
monk Silvestre Velez de Escalante as long ago as 1776. Arid and pluvial 
phases can also be detected, though not very clearly, in the sediments of the 
Great Salt Lake (Eardley and Gvosdetsky). Flint and Gale have recognized 
in Searles Lake a pluvial dating from 10,000-23,000 years ago, and repre- 
sented by a bed of mud between two layers of salt, In the Great Plains, the 
increased rainfall manifests itself in the greater abundance of aquatic snails 
(Frye and Leonard). Sears and Clisby have shown that pollen diagrams 
from Mexico indicate a repeated change between wetter and drier phases, 
but the correlation with events further north is still uncertain. 

In the Mediterranean coastlands of Spain, pluvial phases, i.e. periods of 
warm humid climate, are distinguished by red coloration; the warm dry 
interpluvial phases, when the present type of climate prevailed, are 
represented by caliche deposits (calcareous duricrusts). 

In Asia, the Caspian Sea was at times connected with the Aral Sea, 300 
miles away, and with the Black Sea, through the Manytch Depression. The 
Dead Sea stood 400 m. higher than now; 15 raised beaches are developed. 

The fauna and traces of Prehistoric Man (Schwarzbach, 1953) bear witness 
to the once higher rainfall of the Sahara. In the lakes of the East African 
Rift Valley, the water level was higher than at present (Flint, 1959). Yet there 
are also examples of increased Pleistocene aridity, as in the intensification 
of dune formation in the Kalahari (Flint, Leakey, et al., 1959, p. 364). 

Figure 111 gives Budel’s idea of the distribution of the climatic belts as 
they were in the Pleistocene and as they are now. It is assumed that the 
northern and southern margins of the desert belt of the Northern Hemi- 
sphere approached each other during a pluvial. This need not mean, 
however, that the “north” and “south” pluvials occurred simultaneously. 
The northern limit of the Sahara probably retreated during the glacial 
phases, while the southern margin, by analogy with present meteorological 
conditions, would have received its increased precipitation—resulting in 
the advance of the tropical rain-forest belt during warm phases (Balout) 
and also during the postglacial Climatic Optimum. 

Further reading: Butzer, 1958; Tonciorcr & TREVISAN, 1942. 
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Fie. 111. DisPLACEMENT OF THE CiimatTic BELTS oF THE NORTHERN 
HEMISPHERE DURING THE WUrRM GLACIATION (after Biidel, 1951). 


CLIMATE DURING INTERGLACIAL PHASES 


Numerous observations have shown that the climate of the interglacial 
periods was similar to today’s, or at times even slightly warmer. Where 
cooler conditions did prevail, as during the formation of many of the Swiss 
shale coals of the last interglacial (Ludi), we may assume that they repre- 
sented only a relatively cool phase of the whole interglacial. 

In Europe, the much-discussed scree-breccia deposits of the Mindel-Riss 
interglacial at Hétting, near Innsbruck, contain the Pontian Alpine rose, 
Rhododendron ponticum, and the vine Vitis sylvestris, plants that can no 
longer flourish in this region. 

Since the marsh turtle, Emys orbicularis, still lived in the Weimar district 
of central Germany during the last interglacial, the mean temperature of the 
warmest month must have been at least 19° C and the summer rainfall 
must have been low (H. Ullrich). The July temperature today is 17° C; the 


rainfall distribution shows a summer maximum. Marls formed during the 
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same interglacial, near Lehringen in Lower Saxony, contain the gastropod 
Belgrandia marginata (C. R. Boettger), now to be found only in southeast 
Europe. The gastropod Helicigona banatica, present at other fossil localities 
in central Europe in beds of the same age, now lives somewhat further south 
in the south Carpathians (V. Lock). 

Interglacial strata in England have yielded the brackish water pondweed, 
Najas minor, which requires a higher summer temperature than now occurs 
in England (H. Godwin, 1956). Marine beds belonging to the Last, Eem, 
Interglacial in the North Sea area are characterized by such southern 
“Lusitanian” species as Tapes aureus. 

Where pollen analyses have been carried out on interglacial strata, they 
have indicated certain stratigraphically characteristic vegetation changes 
resulting from climatic variation (Firbas ef al). Thus the widespread 
distribution of spruce, fir, and heather, in central Europe, during the latter 
part of the Last Interglacial, suggests that, at that time, the climate was 
fairly wet. This humidity was obviously the result of a readvance of the ice. 
During the postglacial period, on the other hand, the areal distribution of 
these plants extended only belatedly. Beech disappeared almost completely 
during the Last Interglacial, to be replaced by the hornbeam, Carpinus. It 
is not, however, certain that this replacement was due to climatic changes. 
Gerassimov and Markov have given us a lucid account of pollen analysis 
variation in the U.S.S.R. during the Interglacials, 

In North America, it is considered that temperatures around Toronto 
throughout the time of deposition of the Don Beds of the Sangamon Inter- 
glacial were 2°-3° C higher than today’s. The marine Jamellibranch, Rangia 
cuneata, now living in the Gulf of Mexico, occurs frequently in interglacial 
(Aftonian) strata in Maryland (Blake). Hibbard has ascertained from the 
vertebrates of the Jingleboh (Sangamon Interglacial?) of Kansas that, at 
times, the climate was humid, with an annual rainfall of some 40 inches, and 
that the summers were cooler, and the winters warmer than they are at 
present. 

In central Chile, red-bed weathering is very common in one of the early 
interglacials; at present, this type of weathering is first developed over 
150 miles further north (TIllies). 

Interglacial beds at Stéd in Iceland contain the alder, Alnus viridus, 
which no longer flourishes there (Askelsson, see Schwarzbach’s review, 1955). 

The climate of the early interglacials was probably even slightly warmer 
than that of the later. Indeed, an ape, Macaca florentina, has heen identified 
in the Tegelen Beds of Holland. The only part of Europe where modern 
representatives of the family continue to thrive is Gibraltar. Plants such as 
Tsuga, Carya, Pterocarya, etc., which have all since disappeared from 
Europe, and the water fern, Azolla tegelensis, were also represented. 
Pterocarya survived, in places, as late as the Mindel-Riss Interglacial. (For 


Japan, see Miki.) 
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COURSE OF THE ICE AGE 
Europe 


During the Quaternary, there were three great ice centers in Europe; one in 
Scandinavia, one in the British Isles, and one in the Alps. There were also 
countless smaller glaciers in other mountain ranges. 

The Scandinavian and British ice sheets sometimes formed one extensive 
and more or Jess continuous ice sheet. The Scandinavian Ice thrust forward 
through the Baltic Basin, onward for more than 1250 miles into the heart 
of central and eastern Europe, but the British Ice was more or less confined 
to the British Isles, and, in fact, even the south of England remained free 
of ice. The ice center in Scandinavia lay slightly to the east of the present 
mountain watershed, in a position asymmetric to the ice sheet as a whole. 
At its center, the ice was about 3000 m. thick. 

In the Alps, the valleys and some of the passes were submerged under an 
interconnected network of glaciers, with the higher peaks towering above. 
The snow line lay some 1200 m. lower than now. Several mighty glaciers 
surged out of the mountains as piedmont (Malaspina type) glaciers; most of 
them flowed northward into southern Germany. Their length was remark- 
able by comparison with the 16 miles of the present largest Aletsch Glacier. 
The Rhone Glacier was 225 miles long, the Inn Glacier 210 miles, and the 
Rhine Glacier 125 miles (Klebelsberg, 1949). 

The maximum extent of southward penetration of the Scandinavian Ice, 
usually marked by the southern limit of erratic blocks of Scandinavian type, 
was clearly influenced by the pre-existing topography; the limit bulges far 
to the south along river valleys. This same contro] can also be observed in 
North America. The boundary runs through Holland and central Germany, 
and on along the northern edge of the Carpathians to the basins of the 
Dnieper and the Don. 

It was in Europe that it was first realized that there were several glacial 
phases during the Pleistocene Period. This was firmly established by Penck 
and Briickner, when they were working on the glaciated areas of the Alps 
between 1901 and 1909 (see fig. 43). They were able to distinguish four ice 
ages which they named after Alpine rivers (fig. 112). Of these, the earliest. 
was the Giinz Glaciation, followed by the Mindel, by the Riss, and finally 
by the Wiirm. The glacial phases were separated by interglacials. 

It later became apparent that it was possible to divide each glacial into 
a number of cold periods (stadials) separated by shorter warm periods 
(interstadials). Studies of the river gravels of central Germany and the Alps 
(Soergel, Eberl) have resulted in very detailed subdivisions whereby 
deposition of gravel is equated with a glacial phase, erosion with an inter- 
glacial or interstadial. Almost all of the finer subdivisions are, however, still 
uncertain. Similarly, all of the widely spread loess can be interpreted as an 
eolian sediment forming during glacial phases, while the interbedded loams 
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Fie. 112. Tan Bavawan Rivers wiicn Give tHem Navies To Prasrs or THE ALPINE 
GLACIATION 


represent the products of interglacial weathering. In this way, climatic 
variation in the periglacial area can also be worked out in detail. The 
interpretation and correlation of different sections is still very problematical; 
the same may be said of all the finer subdivisions of the Pleistocene Period. 
In Europe, even the divisions of the comparatively well-known Last 
Glaciation are still hotly disputed. Woldstedt, the authority on conditions 
in central Europe, at present recognizes two major stadials separated by 
a distinct interstadial (Géttweiger Horizon), Moreover, the subdivisions of 
the Alps and northern Europe cannot readily be correlated, and so local 
names have been chosen for cach. It also seems certain that before Penck’s 
earliest glaciation (Giinz), we must recognize an earlier, if less extensive cold 
phase, the Donau Glaciation. These observations result in the scheme shown 
in Table 36. 

Only the Last Glaciation is at all well known, and only in the case of the 
last three glacials can we estimate the extent of the Scandinavian Ice. In 
places, the maximum spread of ice occurred during the Elster Glaciation; 
and elsewhere during the Saale Glaciation (as in the U.S.S.R.). After the 
Last Glaciation, the ice retreated in stages, with pauses between when the 
position of the ice margin remained constant for a time. These pauses, or 
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retreat stadials, are marked by end moraines, outwash sands, and 
abandoned glacial melt-water channels. 

In the Alps, too, the Wirm glaciers did not extend as far as those of the 
earlier glaciations. No Donau moraines appear to have been preserved but, 

















TABLE 36 
DIVISIONS OF THE QUATERNARY IN EUROPE 
‘Sigs | NORTH GERMANY AND 
Last Glacial. . . . Wiirm Weichsel 
Last Interglacial . . Riss-Wiirm Eem 
Glacial «2 www Riss Saale { Warthe 
Drenthe 

Jnterglacial -. 2. we Mindel-Riss ‘‘Great Interglacial” Holstein 
Glacial 2 1 ww we Mindel Elster 
Interglacial . 2... Giinz-Mindel Cromer 
Glacial . «2 2. ew Giinz Weybourne 
Interglacial . 2 2... Donau-Giinz Tegelen 
Glacial . 1. 2 we Donau Pre-Tegelen 





in the Southern Alps, pollen analyses have revealed a considerable climatic 
change which took place in the early part of the Quaternary Period. This, 
Venzo considers to be at least partly the result of the Donau glaciation, and 
Zagwijn equates it with the Pre-Tegelen phase in Holland. According to 
Bout, considerable early Quaternary (Villafranchian) climatic variation can 
also be detected at Velay in central France. 

In other mountain ranges which now support only a few small glaciers, 
e.g. Pyrenees or Abruzzi, little other than valley and corrie glaciers are 
known (fig. 31). The amount of glaciation decreased eastward because of the 
increasingly continental nature of the climate. In central Europe, this 
decrease is clearly revealed by the maximum length of the Pleistocene 
glaciers; in the Vosges they stretch for up to 25 miles, but in the Riesenge- 
birge, further east, are only a little over 3 miles long. The Pleistocene snow 
line also rose in this direction (Table 37). Only in some exceptional cases has 
it proved possible to assign these mountain glaciations to their correct 
stratigraphical positions. Those corries, U-shaped valleys, terminal 
moraines, etc., which form distinct morphological features all originated 
during the Last Glaciation. 


Further reading: VAN DER VLERK &-FLorscuurz, 1953. 
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TABLE 387 
PLEISTOCENE SNOW LINE IN SOME EUROPEAN 
































MOUNTAINS 
[een pen 
MOUNTAINS ONG " HEIGHT OF PLEISTOCENE 
“AINS LONGITUDE SNOW LINE 
British Isles ert We ee O10? W 600m, 
Yosnes-Black Forest 6 6 0 8 8 TOR 900 m, 
Ricsennelisge (Silesin) 2. ww 15-16" B 1200 m, 
Katra (Carpathinns). 6 6 6k, 20° R 1500-1600 m. 
Yransylvauian Alps M2 'Sta nee. GRA 28-26° FB 1900 m, 
North America 





In America, too, there were several separate ice centers. The North 
American ice sheets differed from those of Europe in that the center of the 
main “Laurentian Tee” lay over the relatively low-lying area of the eastern 
part of the Canadian Shicld. Further dissimilarities are that the large 
Cordilleran ice complex was connected to the Laurentian ice sheet, and that 
the area of plains covered by the ice was much greater than in Europe. 

R. FF. Flint considers that the Laurentian ice center originated in the 
highlands of uortheastern North America, ie. in’ northern Quebec, 
Labrador, Newfoundland, Baffin Land, Devon Tsland, Bylot Island, and 
Fllesmere Island, ete, Valley glaciers and small icecaps gradually built up 
until piedmont glaciers began to thrust outward to the south and west, The 
drop in temperature required to cause this ice formation need only have been 
relatively small for, even today, Arctic North America is extensively 
elaciated, while the other areas mentioned Jie just. below the snow line, 
Most precipitation was confined to the area of the piedmont glaciers with 
the result that they grew more quickly than the mountain glaciers, 
Eventually the thickness of iee over the piedmont area exceeded that of the 
mountains, which then disappeared under one vast continuous tee cap. 
Just as in Europe, the Last (Wisconsin) Glaciation was not as extensive 
as its two forerunners which had penetrated from the Laurentian center 
almost as far south as St, Louis. The degree to which advance of the iee was 
afteoted by reliel is revealed in the very sinuous southern boundary of the 
placintedl areas, and by the fact that southwest Wisconsin, the “driftless 
area”, remained free af ice while morainic deposits built up all around. Yet, 
during the Wisconsin Glaciation, the ice in New York State must have been 
at dint 1000-1300 m. thick, as it covered all of the Catskill and Adirondack 
Mountains, 

Westward, the Laurentian Tee linked up with the Cordilleran Tee which, 
although considerahly less extensive, nevertheless stretched unbroken from 
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the Columbia River to the Aleutian Islands, a distance of some 2200 miles. 
It embraced not only a network of valley glaciers and piedmont glaciers, 
such as existed in the Alps, but also a continental icecap 2500 or more 
meters thick, centered on British Columbia. 

Glacier formation began in the high rainfall areas of the Coast Range, and 
gradually migrated eastward to the Rockies, where topographic conditions 
were more favorable for the accumulation of ice. Apart from the Cordilleran 
Ice itself, there existed innumerable glacier complexes, the largest of which 
lay in the Sierra Nevada of eastern California. 

Southward limitation of the ice sheets resulted from increased tempera- 
tures; in parts of the far north, it was caused by decreased precipitation. 
Thus, with the exception of the Brooks Range, northern and central Alaska 
were never glaciated; a corresponding example today is obviously afforded 
by the frigid, ice-free wastes of northern Greenland. 

Four major glaciations have long been recognized in North America; the 
Nebraskan, Kansan, Ilinoian, and Wisconsin Glaciations separated by the 
Aftonian, Yarmouth and Sangamon Interglacials (Table 38). Here, too, the 
Last (Wisconsin) Glaciation has had the greatest effect in determining the 
form of the present landscape and the drainage system of the Great Lakes. 
Among the sediments of the interglacial phases, loams (gumbotils), resulting 
from the weathering of the ground moraines, are particularly important. As 
floral evidence of climate is much scarcer than in Europe, much less is known 
about the Pre-Nebraskan stages of the Quaternary in North America. Flint 
has correlated the Pleistocene stages of Europe and North America as shown 
in Table 38. 


Further reading: Ditton, 1956. 


TABLE 38 


CORRELATION OF THE QUATERNARY OF EUROPE AND 
NORTH AMERICA 





















EUROPE INTERGLACIAL NORTH AMERICA 

Wiirm Wisconsin 
Sangamon 

Riss Tilinoian 
Yarmouth 

Mindel Kansan 
Aftonian 





Nebraskan 
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in the character of abyssal sediments. Since both these phenomena are of 
world-wide distribution, they are of particularly great stratigraphic 
significance. 

1. Sea Level Variations.—Eustatic changes of sea level resulted in con- 
siderable lowerings during glacial phases, and, during interglacials, in 
rises to above the present level. It is estimated that during the Last 
Glaciation, sea level was depressed by about 90 m. This rhythmic variation 
related to glacials and interglacials, is superimposed on a gradual lowering 
of sea level since the beginning of the Quaternary, so that the early 
Pleistocene wave-cut platforms lie much higher than the later ones. 

In Europe, these platforms have been particularly closely studied around 
the Mediterranean by Blanc, Gignoux, Pfannenstiel, Zeuner and others. 
There, the terraces bear the names given in Table 39. The two lowest 
terraces are characterized by the presence of the warmth-loving gastropod, 
Strombus bubonius. 

TABLE 39 
ELEVATION OF THE MORE IMPORTANT MARINE TERRACES 
OF THE MEDITERRANEAN AREA 


NAME ELEVATION ABOVE MEAN | POSSIBLE STRATIGRAPHIC 
SEA LEVEL HORIZON 














Sicilian 90-100 m. 

Milazzian Giinz-Mindel Interglacial 
Tyrrhenian Mindel-Riss Interglacial 
Monastirian Riss-Wiirm Interglacial 
Nizza Postglacial Climatic Optimum 





Unfortunately, since this area is one of great tectonic mobility, a simple 
comparison of the height of the terraces above the present sea level, in 
different localities, may easily lead to an incorrect correlation. Table 39 
shows one way in which the individual terraces have been correlated with 
Ice Age chronology, but other stratigraphic interpretations have also been 
suggested. In particular, the assignment of the lowest Terrace to the post- 
glacial Climatic Optimum, has recently been questioned (Flint, Graul, etc.). 

The Bermudas might be cited as a North American example (Sayles). 
There, low sea level during the glacial phases led to the exposure of 
calcareous sands, from which dunes were formed. During the succeeding 
interglacials, these were either weathered or covered by marine sediments. 
Five dune phases or “eolianites” thus indicate five cold phases which, 
despite recent C14 dating (Kulp, 1953), can still be correlated only tentatively 
with the succession on the mainland. Ruhe, Gomez, and Cady (1961) and 
Fairbridge aicr'Teichert (1953) have shown that Sayles’ interpretation may 
be incorrect. 
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In the actual glaciated areas, the weight of ice in the glacial phases and 
the relief of pressure during the interglacials set up isostatic movements. 
These movements, which led to a considerable migration of shore lines, were 
therefore also controlled by climate. They may best be studied in 
Scandinavia and North America, although they also affected such areas as 
Iceland. 

2. Abyssal Sediments.—The importance of abyssal sediments is constantly 
increasing. Because of the very slow rate of sedimentation, cores a few 
meters long span a very long period of time which, in some cases, stretches 
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Fic, 113. Tesrenatrure Curve or tue Surrace WATERS oF THE OCEAN DURING THE 
QUATERNARY 


078/016 data from the upper 10 m. of abyssal sediment in the Mid-Atlantic (core 280, 
depth 4256 m.). The time span of the section is not known (after Emiliani, 1958). 


back to the Tertiary. Emiliani considers that in Pacific core 58 the whole of 
the Quaternary is represented by only 6-1 meters of sediment. We cannot 
of course be certain that sedimentation has continued without interruption 
throughout this period. 

Research on cores from the Atlantic, Caribbean, and Pacific has yielded 
undoubted evidence of repeated alternations of normal (compared with the 
present) and colder phases (fig. 113). This fluctuation is indicated, among 
other things, by changes in the foram assemblage; thus Schott showed, in 
1938, that the warmth-loving Globorotalia menardti only occurs at certain 
horizons which can be equated with interglacials or interstadials. (Similar 
research has been done by Bradley, Bramlettc, Hamilton, Parker, Phleger, 
Ericson, Wiseman and others.) 

Similarly, Emiliani found, by direct O18 temperature determinations, that 
the various beds formed under differing temperature conditions. The surface 
temperatures of the oceans fluctuated by some 6° C; as many as 7 cycles 
have been demonstrated in the Caribbean, and 15 in the Pacific. 

During glacial phases, bottom temperatures in the eastern equatorial zone 
of the Atlantic were 2° C lower than they are now: in the Pacific, on the 
other hand, they were just about the same. It is therefore apparent that the 
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open connection between the Atlantic and Arctic Oceans, as opposed to the 
narrow connection between the Pacific and Arctic, played some part in 
determining the temperature. “Interglacial’’ bottom temperatures are the 
same, in the Pacific, as “Glacials”, but in the Atlantic, they are almost 
4° C higher. Saks, Belov, and Lapina found that in Siberian Arctic waters, 
the abyssal sediments could be subdivided as shown in Table 40. 


TABLE 40 


SUBDIVISION OF DEEP-SEA SEDIMENTS IN SIBERIAN 
MARGINAL SEAS (AFTER SAKS, BELOV, AND LAPINA) 





AGE IN YEARS CLIMATE pe ee 
0-10,000 Recent Recent 
10,000-20,000 Cold Sartian 
20,000-30,000 “Warm” Kargian 
30,000-45,000 Cold Zyrian II 
45,000-50,000 Short warm phase 
Over 50,000 Cold Zyrian I 


The problem is to correlate the temperature curves derived in this way 
with the stages of the Ice Age in neighboring continents. Up till now this has 
only proved possible for about the last 10,000 years, since, for the remaining 
part of the cores, there are neither key horizons, nor, except for the last 
50,000 years, any reliable method of absolute dating. Emiliani has shown 
that it is possible to extrapolate age determinations on the basis of rates of 
sedimentation, but this method has as yet little firm foundation. The age of 
about 270,000 years that he ascribes to the Giinz Glaciation does not agree 
at all with other estimates. Moreover, the curves afford little evidence of the. 
position of the Tertiary-Quaternary boundary as deduced from the forams, 
because the amounts of temperature fluctuation, 6° C in the Quaternary, 
3°-4° C in the Tertiary, are not unduly different. 


Further reading: BRoEcKER, TUREKIAN & HEEzEN, 1958; Hopkins, 1959 (Behring 
Strait); Wooprinc, 1957. 


ABSOLUTE DATING 

De Geer’s studies of Swedish varved clays at the beginning of this century, 
showed that the Weichsel (Vistula) Ice had reached its retreat stadial 
position in Scania about 15,000 years ago. According to Sauramo, the ice 
finally withdrew from the terminal moraine formed during this stadial at 
Salpausselka in Finland about 8,150 s.c. Similar investigations in North 
America, by E..Antevs, resulted in less definite values, because there, the 
succession of varved clays is not continuous. 
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The C8 method of dating, invented by Libby (1916), corroborated De 
Geer’s results, and enabled other key horizons to be dated. Unfortunately, 
this method can be used to date little more than the last 50,000 years; i.e. 
a period which docs not quite extend back to the last interglacial. All 
attempts to date the remaining, much greater, part of the Quaternary have, 
as yet. yielded only uncertain or very dubious values. These attempts include 
Milankovitch’s solar radiation curves, measurements on deep-sea cores using 
assumed rates of sedimentation (Emiliani, see above), rates of sedimentation 
in the Great Salt Lake (Eardley and Gvosdetsky), comparisons of depths of 
weathering (Penck. Kay. reviewed critically by Hunt and Sokoleff), and the 
Tonium-Radium content of abyssal sediments (sec Rosholt, Emiliani, Geiss, 
Koczy, and Wangersky, 1961). We may Jook forward, however, to the 
discovery in the moderately near future of a completely reliable method of 
dating the Quaternary. Then all those now open questions regarding 
correlation of Pleistocene strata in different areas, particularly between the 
Northern and Sonthern Hemispheres. will be resolved. 


THE LATE GLACIAL AND POSTGLACIAL PERIODS 


Only some 15.000 years have elapsed since the Wiirm glaciers began to 
retreat. This late glacial and postglacial period is interesting because of the 
eNistence of a great number of continuous pollen profiles, and also of a 
method of absolute dating. It also includes historical times whose climatic 
variations, though they appear to have been very slight compared with the 
great events of the Ice Ages themselves, are most precisely known through 
direct meteorological observations. 


Europe 


In Europe, with the retreat of the Wirm glaciers, the climate did not 
attain a general uniformity, hut was subject to greater and smaller fluctua- 
tions. The following sequence of events has been worked out and dated, 
partly from varves, and partly by the C}} method (figs. 114, 115): the closely 
related vegetational changes have been studied by Firbas, Godwin, Hyyppa, 
Nilsson, Overbeck, and others. 

Firstly, there was a gradual retreat of the northern ice into Scandinavia, 
with the occurrence about 10,000-9,000 zB.c. of the first Late Glacial climatic 
optimum, the Allered phase. Manley’s map (1949) shows that July tentpera- 
tures in central Europe were 4° C cooler than now. This maximum was 
succeeded by a renewed climatic deterioration, the Upper Dryas phase (or 
Younger Tundra phase), about 9,000-8,000 5.c. At this time, temperatures 
in Germany dropped to some 7-8°C below the present level. Terminal 
moraines were formed by the Scandinavian Ice (at Salpausselka in Finland, 
and in central Sweden, south of Stockholm). and also by the Alpine Ice (the 
Gschnitz and Daun Stadials). Thereafter, the ice retreated finally, and more 
rapidly into the mountains of Scandinavia; the pike perch Lucioperca 
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lucioperca was living near Upsala in 7,500 n.c. (Horner). The temperature 
rose till the annual mean was 2-3°C higher than today’s and rainfall 





Fie. 114. Cumsarrc Curve oF THE LATE GLACIAL AND 

PosTGLACIAL PHASES IN EUROPE 
Ordinate = displacement of the tree line in metres; 
Abscissa = age in thousands of years; A= Allered 
Fluctuation; JT = Younger Dryas; W = Postglacial 
Climatic Optimum; Solid line = Milankovitch’s radiation 
curve: it does not coincide with the climatic curve (after 
Firbas, 1947). 
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Fic. 115. Snow Line in Norway purinc THE Last 12,000 Years 
(after O. Liestél) (in O. Holtedahl, 1960). 


increased. This was the postglacial Climatic Optimum, which occurred about 
5,000-3,000 s.c. Hazel (Corylus, Andersson), the water chestnut (Trapa 
natans), and the marsh turtle (Emys orbicularis, Degerbél and Krog), etc., 
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were all more widespread than they are now; the tree line was some 100 m. 
higher and treeless tundra almost disappeared from northern Eurasia 
(Neystadt; see Frenzel, 1960). 

A lesser drop in temperature led to the present conditions. That the 
periods around 2,300, 1,200, and 600 B.c. were relatively dry is indicated by 
the presence of recurrence surfaces in peat deposits. In the Jast 2,000 years, 
the following dates stand out (after Brooks ef al.; see also Schove). 


A.D, 500-700. : . 3 : +  Unnsually arid. 


A.p, 800-1200 . ‘ : ‘ é - Rainfall heavier than now, mild 
winters, little ice, Vikings colonized 
Greenland. 
l6th-late 19th century =. . F « Little Jee Age including: 
Ist half of 17th century. - : . Glaciers advanced. 
1810-1820 . . ‘ : F - Glaciers advanced. 
1850-1860. . ‘ : - . Glaciers advanced. 
1680-1740. . 5 7 - “Interglacial” with dry, mild 
winters, 


Since the end of the 19th century, there has been a retreat of glaciers, and 
milder winters. Brooks has pointed out that a close correlation exists in 
England between retreat and advance of the ice, and direction of the 
prevailing wind. When the glaciers advanced, the prevailing wind was 
easterly; when they retreated, the wind direction often changed, and 
westerlies prevailed. This is related to the fact that, when the glaciers 
advance, the Polar front is driven further south. 


North America 

In North America, the general ice retreat is also characterized by terminal 
moraines, which owe their origin cither to brief standstills, or even to 
slight readvances. One such readvance in about 10,500 3.c. brought the ice 
margin southward once more to Port Huron, at the southern end of the lake 
of the same name. It was followed, a thousand years later, by a retreat to 
the position of the Straits of Mackinac joining Lake Huron to Lake 
Michigan. Peat formed at this time near Two Crecks, Wisconsin. Thereafter, 
during the more extensive Valders readvance, the ice thrust forward to the 
northern shores of Lake Erie, before retreating for the Jast time 
(8,700-8,600 B.c.). 

There is obviously a strong correspondence between late Glacial events in 
Europe and North America (Table 41). 

The postglacial Climatic Optimum, “Hypsithermal” of Deevey and Flint, 
can again be recognized, although not so distinctly as in Europe. Here, too, 
it shows up in pollen spectra with, in Maine, a maximum in oak vegetation 
accompanied by a minimum development of hemlock and birch (Deevey). 
The 8° C increase in temperature suggested by Moore from studies in caves 
in western U.S.A. seems to be considerably too high (Chapter 4). 
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TABLE 41 
LATE GLACIAL PHASES OF EUROPE AND NORTH 
AMERICA 
EUROPE NORTH AMERICA DATE 
Younger Dryas phase Valders 9000-8000 n.c, 


Allered fluctuation Two Creeks 10,000-9000 n.c. 


Older Dryas phase Port Huron-Mankato Before 10,000 n.c. 





Arctic Regions 

The Climatic Optimum is clearly revealed at many places in the Arctic, 
through the presence of shore-line deposits, e.g. in Spitzbergen and Green- 
land, carrying the edible mussel (Mytilus edulis) which is no longer 
indigenous to these latitudes. 

In Iceland, postglacial climatic variations are not so prominent as in 
Europe, though they are still demonstrable (Einarsson, 1961). It can be 
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Fic. 116, TEMPERATURE VARIATION IN REYKJAVIK, 1871-1948, SHOWING AN INCREASE IN 
ANNUAL MEAN AND WINTER TEMPERATURES (after J. Eythorsson, 1949). 
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shown that glacial advances occurred between 1750-1760 and 1840-1850, 
since 1890, the glaciers have become much reduced (Thorarinsson). These 
events correspond in part with those of Europe. The latest phase of glacial 
retreat is related to an increase in winter and annual mean temperatures, 
though the summer temperature has remaincd more or less constant 
(fig. 116, see also Lysgaard’s diagrams). 


Other Areas 


Climatic fluctuation has also been observed in historic times from other 
continents, Variations in rainfall are particularly noticeable, and are best 
known in Africa, partly from records of Nile floods, and also in Asia 
(fig. 117). Fig. 118 shows an example of very recent retreat of a glacicr in the 
Caucasus Mountains. Beforc the Climatic Optimum, both the Sahara and 
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Western-Asia 


Fic, 117. RAinravt VARIATION IN THE Past 8,000 Years 


The curves are partly hypothetical (after C. E. P. Brooks, 1949), 


the Trans-Caucasus region had a climate somewhat similar to that of central 
Europe today, because of the greater extent of the northern ice sheets. 
About 8,000 years ago, however, as the ice retreated, the climate became too 
arid for agriculture, the carly inhabitants of these areas were forced to 
migrate, and their great urban communities fell into ruin. 

The Climatic Optimum is the most important of earlicr events. Its effects 
are apparent in pollen spectra (fig. 119) from Hawaii, New Zealand (Cranwell 
and von Post), Tierra del Fuego (von Post and Aucr), and recently from the 
Eastern Cordillera of Colombia (van der Hammen and Gonzalez), [t cannot, 
of course, be dated directly in cach locality, and, naturally, expresses itself 
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RETREAT OF THE Botsuor-AsAavu GLACIERS ON Mount Exprus (Caucasus Mrs.) 


Above—September, 1878 


118 


Fic. 


traverse a pine forest. Below—from the same view- 


the glaciers 
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the glaciers have retreated more than 2 Km. up the valley. (From 
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point in August, 1958 
G. Kk. Tushinski, 1958.) 
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Fic. 119. PosrcractaL Potten DIAGRAMS From Four Dirrrrent Pants or tre Worip 


Bastad (Sweden), Cabo Domingo (Tierra del Fuego), Mossburn (New Zealand), Hawaii, 
II = Postglacial Climatic Optimum; HI = Recent. The thick lines represent, in diagram A, 
mixed oak woodland, Alnus and Betula; in B, Caryophyllaceac and grasses; in C, 
Dacrydium + Phyllocladus + Podocorpus (tropical mountnin flora = rainforest in Jow- 
ands); in D, predominant Metrosidcros +- Myrsine -+ Cheirodendron -+- Coprosma and 
Pritchardia. The thin lines indicate in A, Pinus -+ Picea -+ Fagus -+ Carpinus; in B, 
Nothofagus, and Cyperaceac; in C, Metrosideros, Nothofagus, and Cyperaceae ++ grasses; in 
D, Chenopodium and Dodonaea + Myoporium -+ Sophora +- Acacia. The Postglacial 
Climatic Optimum was clearly characterized by vegetation requiring cither a warm or 
a humid climate (after Nilsson, v. Post, Cranwell, modified from Selling, 1948), 


208 Climates of the Past 


differently in different places. For example, in Hawaii, tropical rain forest 
became more widespread at this time (Selling); increased rainfall is also its 
most important feature in New Zealand. Auer has recognized climatic 
variations in Tierra del Fuego, preceding deposition of the first bed of 
voleanic ash, and therefore dating back more than 9,000 years. These 
variations can be equated with the Older and Younger Dryas periods and 
with the Allered fluctuation. In the Behring Straits, the Climatic Optimum 
seems to have occurred somewhat earlier, about 8,000-6,000 3.c. (Hopkins, 
MacNeil, Leopold). The foram assemblage of abyssal sediments also shows 
a change corresponding to this warm phase, e.g. Ovey (mid-Atlantic), 
Hough (Antarctic); 018/016 values fluctuate too (Emiliani). 

The correlation of late and postglacial events still leaves much to be 
desired; in very few cases is it yet sufficiently secure. But where precise 
equation has already been done as, for example, between the late glacial 
events of Europe and North America, the result is very significant. These 
climatic fluctuations lasting for the order of several thousand years, follow 
a similar course in both continents, and are not therefore due to Jocal factors. 
Brooks’s rainfall curves (fig. 117) are of lesser significance, for they are 
necessarily partly hypothetical. In part, their similarity has been presumed 
rather than proved. 

Another definite world-wide phenomenon, to which there are very few 
exceptions, is the retreat of glaciers and pack ice in recent years. This is 
clearly related to a definite amelioration of winter temperatures. 

R. W. Fairbridge (1960), more than any other, has demonstrated the 
relationship between postglacial climatic fluctuations and changes of sea 
level. 


Further reading: AAni0, 1944; AHLMANN, 1953; DuBreF, 1956; Gross, 1958; MANLEy, 
1949; Recet, 1957; A. Wacner, 1940. 


SUMMARY 


The Quaternary, or Ice Age, lasted about J million years, and is charac- 
terized everywhere by temperatures which were, at times, lower than 
today’s; on average, by about 4° C. In temperate latitudes of the Northern 
Hemisphere, they were, in places, 8-12° C lower. This cooling is linked with 
the development of mighty continental glaciers, particularly in North 
America and northern Eurasia. At its maximum extent, the ice covered 
more than 17 million square miles, as compared with less than 6 million 
nowadays. 

There were at least three major glaciations of similar extent (Mindel, 
Riss, and Wirm) preceded by two or more cold phases (Donau and Giinz). 
As the glaciers advanced, pluvials were experienced in the present desert 
areas. 

Between Ice Ages, in the interglacials, the climate was either similar to, 
or slightly warmer than, it is today. It is, however, probable that there has 
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been a small progressive drop in interglacial temperatures from the start of, 
the Pleistocene to the present day. Since the Last Glaciation drew to a close 
some 10,000 years ago, slight climatic fluctuations have occurred especially 
during the Climatic Optimum, dating back to about 5,000-3,000 b.c., when 
temperatures in Europe were 2-3° C higher than they are now. 


20 


The Earth’s 
Climatic History 


ALTERNATION OF COLD AND WARM PHASES 


We have seen that cold and warm phases alternated repeatedly through- 
out the earth’s history. This applies not only to particular small areas, but 
to the whole world, not only to the short Quaternary Era, but to all the 
parts of the stratigraphic column for which we possess fragmentary climatic 
evidence, i.e. for the last 1,000 million years. 


Millions of Years 


AUSTRALIA 
SOUTH AFRICA 
SOUTH AMERICA 





Fic. 120. Tare or OccURRENCE OF GLACIATIONS IN DIFFERENT CONTINENTS 


Qu = Quaternary; PK = Permo-Carboniferous; Eo-C = Eo-Cambrian. The exact age, by 
absolute dating, particularly of the Precambrian glaciations is still very uncertain. 


Warm phases, when the poles were free from ice, have been much more 
common than Ice Ages, i.e. the present familiar condition of the earth with 
polar icecaps is unusual and indicates that we are living in an Ice Age. It 
remains to be discovered whether we are in an interglacial or really, as we 
usually assume, in a postglacial period. 

At least three epochs may be regarded as really major Ice Ages (fig. 120); 
the Eo-Cambrian about 600 million years ago, the latter part of the 
Carboniferous and early Permian, dating back some 275 million years, and 
the Pleistocene, which began only about 1 million years ago. The span of 
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time between major glaciations has therefore amounted to about 300 million 
years in cach case, Lungershausen (1956) assumed a rhythm of 190-200 
million years, using a somewhat different time scale and inserting an alleged 
“Ordovician” glaciation. He made the interesting suggestion that there 
existed a relationship between glaciations and the galactic year (or period 
of rotation of the Milky Way) which is about the same order of length. 

Over 17 million square miles of the earth's surface were ice-covered during 
the period of maximum extent of the Pleistocene ice; probably considerably 
more than 4 million square miles were covered in the Permo-Carboniferous: 
but we can make no estimate of the extent of the Eo-Cambrian icc, Except 
for the Pleistocene, the duration of each Ice Age is as yet unknown, but it 
may he suggested, at least in the case of the Permo-Carboniferous Glaciation, 
that its duration was much longer than the Quaternary. This applics even 
more when early and late glacial phases are considered. 

So long as we remain in ignorance of the Iength of the cold phases, it will 
not, unfortunately, be possible to use climatic events as fairly precise time 
planes, Only for the relatively well-known Quaternary does this possibility 
exist; in fact, climatic correlation forms the basis of almost the whole of 
Quaternary stratigraphy. 

We must exclude the actual Precambrian almost completely from our 
gencral observations, as our knowledge of that era is still very fragmentary. 
However, the presence of Huronian tillites, probably 1,000 million years old, 
obviously denotes the existence of a continental glaciation as long ago as this. 

In so far as we can tell, there were no major glaciations during the periods 
between the three Ice Ages mentioned above, though there are enough 
indications of Jimited regional glaciations and generally colder phases, For 
example, the main Permo-Carboniferous glaciation of Australia was 
obviously preceded by at least one smaller glaciation in the Carboniferous, 
and followed in the Permian by another. In the Lower Paleozoic of the 
Southern Hemisphere, there are several tillites, e.g. in South America and 
South Africa. 

In contrast to this, no definite tillites have been recorded from the 
Mesozoic, and in the Tertiary, there are only small Pliocene occurrences in 
the Arctic. Other sediments, however, tend to indicate that cooler climatic 
conditions prevailed during the Lias, at the very end of the Cretaccous, and 
within the Tertiary. 

As yet it appears that these lesser cold phases followed no regular time 
cycle. Taking the Siluro-Devonian and Permo-Carboniferous junctions, the 
Lias, the Jate Cretaceous, and the Pleistocene as cold phases, the intervening 
time spans work out at about 130, 95, 120, and 60 million years respectively, 
while the span back from the late Silurian to the Eo-Cambrian is probably 
some 200 million years. Absolute age determinations are as yet very 
uncertain, and there is still much to be Jearned about the carth’s climatic 
changes. 
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OTHER CLIMATIC DEVELOPMENTS AND 
PALEOGEOGRAPHY 


Evaporites provide us with a clear indication of aridity, the degree 
varying from extreme in the Permian and Trias, to slight in the Upper 





Ordovician/Silurian Permian 





Jurassic Quaternary 


Fic. 121. MIGRATION OF THE EvAaroriTE BELT IN THE NORTHERN HEMISPHERE SINCE THE 
OrpDovIcIAN (after Lotze, 1957). 


Carboniferous, Lias and Lower Cretaceous. It is also very noteworthy that 
the position of the “evaporite belt” has gradually shifted through time 
(Lotze). The northern evaporite belt, at least, has migrated from the polar 
region to its present position in the desert belt (fig. 121). The reef facies 
(fig. 122, 123) has moved in like manner. 
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Fie. 122. Micratron oF tHE Reer Beur since Cavsnivn Times (after Schwarzbach, 1949). 





The climatic development of central Europe is shown in Table 42, while 
Table 43 indicates the overall development in cach continent. 

World paleogeography has also changed with time and it seems reasonable 
to postulate a causal relationship with climatic variations. How far the two 


c.p.—15 
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TABLE 42 
CLIMATIC HISTORY OF CENTRAL EUROPE 














PERIOD TEMPERATURE RAINFALL 
Holocene 3000-5000 n.c. slightly warmer than Not very different 
present 
Pleistocene Repeated alternation of glacials and Not very different 
interglacials 
Tertiary Very warm (subtropical) at first, Arid in places at times 
becoming cooler 
Cretaceous Warm Humid, especially Lower Cretaceous 
Jurassic Uz, Jurassic very warm Lower Jurassic humid 
L. Jurassic cooler 
Trias Hot Dominantly arid, locally very arid, 
U. Keuper more humid 
Permian Hot Humid in places at first, then arid 
and very arid 
Carboniferous Hot Humid 
Devonian Hot, at least in Middle Devonian 
Silurian Hot 
Ordovician 
Cambrian Hot 
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Fic. 123, DiSpLACEMENT OF THE REEF BELT ALONG THE MERIDIAN 40° E 


Systems shown along horizontal axis, latitude vertically (after Schwarzbach, 1949), 
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are in fact bound up one with the other will be discussed in the last chapters, 
Here, only some of the major factors can be dealt with. 

Since the Cambrian, the great periods of mountain building or orogencsis 
have been concentrated, in Europe at least, in the late Silurian-Early 
Devonian (Caledonian folding), in the Jatter part of the Carboniferous 


600 Million Years ce) 
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PALAEOZOtC [Mesozoic] 


CENOZOIC 


Fic. 121. Tie RELATIONSHIP BETWEEN Onocinrsts, GLACIATION AND OncAnic Evo.ution 
(orogeneses after Brinkinann, 1959), 


Recent age determinations suggest that the duration of the Mesozoic and Paleozoic was 
somewhat greater than indicated. 


(Variscan folding). and in the Cretaceous-Tertiary (Alpine folding) (fig. 12-4). 
In North America, there were the corresponding Acadian, Appalachian, and 
Laramide Revolutions. These movements led each time to the folding and 
uplift of long mountain chains which were then gradually worn down by 
crosion. As well as these orogenies, there were a great many more periods of 
movement which had a quite different regional effect. The Cambrian and 
Trias stand out as periods when major tectonic movements were absent 
throughout the world. 
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Transgression and regression are sometimes closely related to orogenies 
and vary very greatly from place to place. There were many periods when 
low cratonic blocks were widespread, e.g. Trias, and many transgressions of 
world-wide significance, e.g. Middle Cretaccous. 

Vulcanicity is also closely related to orogencsis; its intensity certainly 
varies very considerably with time. 

Many workers have stressed the rhythmic development of these processes 
and the consequent cyclical nature of the earth’s history (v. Bubnoff, 
Umbgrove). That they are to some extent closely linked is certain, and we 
will consider the matter further in a later chapter. 
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Climate and 
Organic Evolution 


Je dus constater que Ia chaleur agit sur les niles d'une 
mouche tout autrement que sur le cerveau d'un 
archiviste paléographé. 

ANATOLE Francr, Le Crime de Sylvestre Bonnard. 


Not only the climate has changed in the course of time, not only the 
position of land and sea, but also animals and plants. We must therefore 
discuss whether the sort of causal relationship between climate and organic 
evolution, which Matthew tried to establish, does in fact exist. 

We shall not consider here those displacements of zoogeographic and 
phytogeographic zones which are largely dependent on climate and which, 
in fact, serve as an important source of paleoclimatic information. Neither 
shall we go into the question of the far-reaching effects of climate on the 
history of Man, though migration of races, wars, changes in cconomic 
structure, etc., might all be mentioned (see Le Danois). 

We may first Sonsidcr whether there appears to have been a connection 
between extinction of species and climatic deterioration, but of course, the 
great climatic changes proceeded so slowly that even the slowest moving 
organisms could have migrated to areas of more favorable climate. It does 
not, therefore, appear likely that the destruction of the great saurians at the 
end of the Cretaccous Period, to take just one example, was due to such 
changes (Audova). Nevertheless, the impoverishment of the Quaternary 
flora of Europe compared with that of the Tertiary, shows that in this areca, 
the Ice Age succeeded in killing off a great many specics. It is a mere 
accident that some have not been completely exterminated, but still survive 
locally (e.g. Sequoia) in other continents as “living fossils’. It is also 
conceivable that decrease in temperature led to selective destruction of some 
species and so steered organic evolution in a certain direction. This, Matthew 
has assumed; accordingly, he considers that new faunas originate in the 
polar regions, particularly in the Arctic because of its favorable land bridges. 
He also maintains that inereased aridity. is an important factor in the 
evolution of the vertebrates. Discoveries made so far have not been sufficient 
to prove his assumption conclusively. Too great an increase in temperature 
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may also be noted as a decisive factor with regard to vertebrate evolution. 
Indeed, none of the higher animals can tolerate excessive heat, and it is 
possible that in lower latitudes these optimum temperature conditions were, 
at times, exceeded. 

B. Rensch attributes the gradual increase in size of the mammals, as 
shown by classic work on fossil horses and elephants, to the gradual decrease 
in temperature throughout the Tertiary, and he points to “Bergmann’s 
Rule” that mammals living in cold climates are generally bigger than those 
which inhabit warmer areas (see Chapter 4). The development of other 
animals began quite differently, however; small forms appeared first. 
Change in size must therefore be considered to owe less to climatic than to 
general evolutionary causes. 

Seasonal or daily climatic rhythms have their greatest effect on plants, 
e.g. short and long-day plants. In this connection, we should remember that 
days and years may once have been shorter than they are now. 

J. Wilser (1931) considered in detail whether secular variation in electro- 
magnetic radiation (light) influences evolutionary trends (paleophoto- 
biology). He considers that the intensity of light reaching the carth in the 
Upper Trias, Upper Jurassic and Upper Cretaceous epochs was critical, and 
that light-sensitive organisms such as the Echinoids, Cephalopods, Teleosts, 
and Reptiles therefore evolved unusually quickly. Modern genetic studies do 
indeed suggest that this is possible. Many workers, latterly Schindewolf and 
Krasovski and Shklovski, have also considered the effect of cosmic radia- 
tion, originating from, say, a supernova. Such radiation certainly need not 
have produced simultancous climatic effects and so does not fall within the 
province of palcoclimatology. Nevertheless, it is easily possible that 
variation in solar radiation, at Jeast, would influence the carth’s climatic 
history and that a certain parallelism between climate and evolution would 
be apparent. 

Further reading: A. S. Romer, 1961; YAkovnerr, 1922, 


TIME RELATIONS 


We can also try to establish, by inductive reasoning, purely empirical time 
relations between climatic changes and evolution (fig. 124), starting prefer- 
ably with the climatologically outstanding periods of the Ice Ages. It 
certainly is not easy to establish objectively really major floral or faunal 
breaks from among the plexus of evolutionary changes in plants and 
animals. Opinions depend very largely on the very fragmentary fossil 
evidence available, and on the particular lines of research of different 
workers. 

Nevertheless, it is evident that the Eo-Cambrian glaciation immediately 
preceded the greatest faunal break known to paleontologists; namely, the 
sudden appearance of rich Cambrian faunas. The Permo-Carboniferous 
glaciation is not known to have produced any consequent change in the 
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Introduction 


Sei ruhig—es war nur gedacht. 
Thales, in GorTue’s Faust, II, 1830. 


Ever since it has been known that climate has varied during the earth’s 
history, the causes of that variation have been sought. Long ago, Hooke, 
Herder, and Buffon investigated this question thoroughly; Hooke considered 
the effects of polar wandering; Buffon thought that the gradual cooling of 
the earth was important. The real heyday of climatic hypotheses began, 
however, with the discovery of the Ice Age; more than 50 “‘theories of the 
Ice Age” were proposed to explain this unusually marked climatic change, 
but all of them are very insecurely founded. Nothing illustrates this better 
than the fantastic situation where occasionally the same cause has been used 
to explain opposite effects. Thus, Croll and Pilgrim think that cold winters 
favor the development of glaciers, while Koppen suggests that it is best if 
the winters are mild. Outbreaks of vulcanicity are regarded by Frech as the 
cause of warm phases, by Huntington as the cause of glacial phases. The 
onset of glaciation is considered to be due both to decreased solar radiation 
(Dubois et al.), and to increased radiation (Simpson); and while ice ages are 
almost always interpreted as being consequent upon mountain building, 
Phillippi and Schirmeisen have argued the reverse, and explain the upfolding 
of mountains as the effects of ice ages. The blocking-off of the Gulf Stream 
was given by Wundt, for example, as the reason for the Ice Age; Behrmann 
and others, however, are of the opinion that it was the humidity brought by 
the Gulf Stream that made ice ages possible. In fact, there are even 
investigators who deny the existence of ice ages at all, and regard all the 
relevant climatic evidence as misleading (Sandberg). 


CLASSIFICATION 


Many workers have attributed major climatic changes to events occurring 
on the earth itself, or to variations in its orbit; others relate them to extra- 
terrestrial happenings in the sun, or even in the universe. The first group 
consider that the incidence of radiation at the top of the atmosphere has 
always remained constant, regardless of cold and warm phases, and that 
secular variations in the inflow and distribution of heat in different parts of 
the earth were produced by terrestrial conditions. The second group, on the 
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other hand, suppose that incident radiation may previously have varied, 
with the result that, over a long period of time, warmer and colder phases 
were produced; terrestrial factors had, at most, only a modifying effect. 
Many hypotheses also use a combination of both possibilities. The large 
number of causes which have been considered may be classified in the 
following manner: 
Terrestrial Causes 
1, Continents—extent, distribution, and topography; relief hypo- 
theses sensu stricto. 
2. Oceans 
(a) Distribution of oceans, ocean currents. 
(b) Salt content of ocean. 
3. Interior of the earth and vulcanicity—cooling of the earth, 
volcanic and radioactive heat, volcanic ash. 
4, Atmosphere 
(a) Cloudiness. 
(b) Carbon dioxide content. 
5. Polar wandering and continental drift. 


Variations of the Earth’s Orbit (Planetary Hypotheses) 
1. Periodic variation (radiation curves). 
2. Aperiodic variation. 
Extra-terrestrial causes 
{. Absorption of solar radiation outside the earth’s atmosphere. 
2. Primary variations of solar radiation. 
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Relief Hypotheses 


MIOTHERM AND PLIOTHERM PHASES 


Charles Lyell, founder of the Principle of Uniformitarianism, was first 
to recognize the fundamental importance of paleogeographic changes in 
determining climatic history. In fact, historical geology shows that the 
distribution of land and sea, the position and height of mountains, and 
similar paleogeographic factors have all varied continuously, while 
meteorology and climatology have demonstrated the close causal relation- 
ship between the configuration of the carth’s surface and the present climate 
(Chapter 2), The varying geography of the carth—rclief in its wider sense— 
is, therefore, also doubtless of great paleoclimatic significance. Hypotheses 
which regard these relationships as being of prime importance, or even as 
the only major cause of climatic changes through time, may be designated 
relief hypotheses. Fundamental papers on this topic have been published by 
W. Ramsay (1910, 1924), and later by C. E. P. Brooks, and F. Kerner- 
Marilaun, Attempts have even been made to estimate quantitatively the 
effects of different paleogeographic factors, and hence to determine mathe- 
matically the character of past climates. We have already seen, however 
(Chapter 10), that these attempts, interesting though the method may be, 
have yielded no reliable results. 

The starting point for relief hypotheses is the degree of parallelism 
between glaciation and mountain building. Ramsay has pointed out that 
extensive areas have been greatly uplifted by crustal movements to produce 
climatic conditions favorable to the formation of glaciers. Thus strong relief 
gives rise to less warm or miotherm epochs, while low relief creates warmer 


(pliotherm) periods. 


EFFECTS OF UPLIFT OF LAND AREAS AND MOUNTAINS 


Uplift of land affects climate in several different ways. Of these, the most 
obvious is the decrease in temperature with height. This is due to the fact 
that rising air expands and therefore cools. The associated condensation of 
water vapor is important, for clouds reflect solar radiation and thereby 
produce a considerable drop in temperature (except in high latitudes in 
winter). Once they have formed, surfaces of snow and ice on mountains 
cause further cooling. To these may be added indirect effects. Shallow shelf 


226 Climates of the Past 


seas were dried up, with consequent increase in continentality, and at the 
same time ocean currents were restricted. Volcanic activity broke out during 
orogenic phases and the volcanic ash promoted cooling by cutting off part 
of the solar radiation. Many factors, therefore, worked together, and finally 
gave rise to polar icccaps and mountain glaciers, which then brought about 
further “self-induced” cooling. 

The climatic effects of high mountains are not confined to decrease of 
temperature resulting in glacier formation; mountains also function as rain 
traps. Fossil examples of this are afforded by the Tarim Basin, whose 
gradually increasing aridity in the Tertiary Period was related, according to 
Norin, to the uplift of the Kuen-Lun, and by western North America, where 
the upfolding of the Rockies resulted in drier climates (Chapter 18). Puri 
records that a rich Lauracean flora still flourished in the Kashmir valley in 
Pleistocene times; it is now absent because late uplift of the Pir Panjat 
range cut off the southwest monsoon from the area. 

Atmospheric circulation was completely upset by the formation of such 
mighty north-south mountain ranges as the Cordilleras (F, Albrecht), the 
massive rock barrier which cuts off the west wind and divides the earth into 
an oceanic half, the Indian and Pacific Oceans and their border lands, and 
a land half, the greater part of the continents and the Atlantic. The great 
continental masses derive their rainfall almost entirely from the Atlantic, 
and the cold winters of Canada and eastern Siberia are due to the lack of 
latent heat of condensation in the air, because of the absence of winter 
rainfall. Albrecht suggests that without the Cordilleras, North America, 
Europe, and Siberia would all have considerably more winter rainfall, and 
appreciably higher temperatures. He supposes that this state of affairs 
existed until the Younger Tertiary, when, for the first time, the degree of 
winter cold became so great that the Ice Age could originate. 

The uplift of the Cordilleras did not, of course, take place as one single 
event, nor did it occur everywhere at the same time, so it is probably at 
most only one factor among the many which led to glaciation. 


SELF-INDUCED COOLING 


We have just mentioned that once snow and ice surfaces have formed, 
they themselves contribute to the temperature decrease, so that an ever- 
increasing reciprocal reaction may be set up. This process of self-induced 
cooling generally plays a part in discussions on the origin of the Ice Ages. 
By a sort of chain reaction, a small initial cooling can lead finally to a 
significant secondary lowering of temperature. Ice produces cooling in the 
surrounding area because it reflects the greater part of the sun’s rays, i.e. its 
albedo is very high (Table 44; W. Wundt in particular has paid attention to 
the albedo effect). So the ice cap gradually grows from year to year, though 
only to a certain limit. C. E. P. Brooks attempted to work this out mathe- 
matically, and found that if the winter temperature at a sea-covered pole 
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TABLE 44 


ALBEDO OF CERTAIN BODIES. (ALBEDO=RATIO 
OF REFLECTED TO INCIDENT LIGHT) 


Absolutely white body. . . . . , 1 

Cloud. 2. 1. 1 1 ee wwe  (0°36~-0-78 
Snow . Site ner Wel a Yee ee fe 70:52 
Etmalava. . . . 1 . 


2 ee. 0:05 


Forest, Ocean 0 04 


was just above the freezing point of sea water (—2° C), and if there then 
occurred an initial drop in temperature of 4° C, the final result, without 
assistance from any further cause, would be an icecap of 25° latitude 
(1,500 miles) radius and a final temperature at the pole of —27° C (fig. 125). 
Thus the differences in temperature between glacial and interglacial phases 
are not dependent entirely on a great initial cooling. 


ICE-FREE POLES 


At the present time, “glacial” conditions prevail at the poles, but we can 
readily envisage their gradual replacement by the “nonglacial” or 
“acryogenic” (Kerner-Marilaun) condi- 


° 
tions represented in the upper curve of so 
fig. 125. As Brooks showed, the process 
is closely bound up with the denudation oe 1G 
of high mountain ranges, a development & 
which the earth is undergoing at present. F 0 
First of all, the mountain glaciers will § 
vanish as the mountains are gradually $ -~10 
worn down below the snow line. The 
Behring Strait will widen as a result of — -20 
eustatic rise of sea level, an increasing 
volume of warm water will flow into  -30 
the Arctic, and a “bridgehead” of con- 90778070 G0 50° 
tinuously ice-free water may be estab- LATITUDE 


lished. At the same time the gap be- 
tween Labrador and Newfoundland will 
become broader and into it will flow an 
increasing part of the cold Labrador 
Current; hence the remainder will be 
correspondingly less effective in cooling 
the Gulf Stream. So the Arctic Ice will 
dwindle, until finally—probably under 
the influence of unusually intense solar 


Fic. 125, TEMPERATURE DIFFERENCES 
BETWEEN NON-GLACIAL AND GLACIAL 
CLIMATES 


When the annual temperature at the 
pole falls a little below the freezing 
point, a temperature drop of about 
25° C takes place with the automatic 
formation of an icecap (after C. E. P. 
Brooks). 


radiation—it will disappear completely in summer. Then the polar front 
will also vanish in summer, the Azores High will shift further north, and 
in mid-latitudes the summer months will be almost rainless. The Arctic 
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Ice will re-form later and later each year until at last the pole remains 
ice-free, even during the winter. The Greenland glacier ice will also gradu- 
ally disappear, and the warm and arid climate of ice-free epochs will 
prevail. 

This process does not proceed so readily as does the growth of ice sheets, 
for, in order to make such a previously-formed icecap disappear completely 
in summer, it is not enough that the summer temperature at the pole should 
once again correspond for a short time to that of the nonglacial maritime 
climate; it must be considerably higher. Under certain circumstances, 
therefore, a polar icecap may persist long after climatic conditions have 
become more favorable. It then represents a glacial relic that would not 
form anew under the prevailing temperature conditions. Besides, it is 
possible for the surface of a continental ice sheet, some thousands of meters 
thick, to lie above the snow line, so that conditions favoring glacial 
formation prevail, while the rock base remains far below the snow line. This 
state of affairs exists, for example, in central Greenland at the present time, 
and in this connection Cailleux has spoken of “‘autocatalyse d’altitude”. 

The ice-free polar sea can also be regarded, quite differently, as the 
initiator of a new glaciation (sec Ewing and Donn’s hypothesis). 

H. Flohn and others have reflected on what present meteorological 
conditions would be if the pole were ice-free. He considers that the tempera- 
tures would be: equator 27°C (as at present), North Pole, winter 1° C, 
summer 8° C, mean temperature of earth 19° C (against 15° C now). He 
based his observations, of course, on Tertiary conditions, which have already 
been assessed as being above average. Under such conditions, the circulation 
would vary as follows: the subtropical high would shift poleward in winter, 
the average wind speed would decrease considerably in winter, and so would 
the number and intensity of depressions. The winter circulation would 
correspond with that of May or September at present. Brooks had already 
assumed that the present summer wind directions in the Pacific demon- 
strate the general conditions which would prevail during a warm phase 
(he gave clear pictures of these, and Lasareff also illustrates them 
experimentally). 


OCEAN CURRENTS 


Relief changes sometimes cause deflection or modification of climate- 
controlling ocean currents. If, say, the Gulf Stream were denied access to the 
Arctic Ocean, probably by uplift of the Faroes-Iceland ridge, this would 
have a considerable effect on climate, although it is difficult to imagine 
exactly what effect. In the opinion of many investigators (Wundt et al.) 
a glacial phase could be initiated thereby, yet Behrmann asserts “not in 
spite of, but because of the Gulf Stream, did the continental ice extend as 
it did over northern Europe during the Ice Age.” 

It may be assumed (with Brooks) from meteorological considerations that 
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if the poles were ice-free, warm currents would flow poleward more strongly 
than at present, since, as we have already seen in the previous section, the 
winter winds would also blow from lower latitudes much further toward the 
poles. 

It is therefore certain that the mild polar climate of the Early Tertiary, 
ete., was largely dependent on warm currents. Other views may, however, 
be advocated in regard to ocean currents, as we shall sce in dealing with 
Chamberlin’s hypothesis. 

Frequent examples of the far-reaching effects of warm and cold ocean 
currents have been cited from the stratigraphic column, e.g. the warm 
“Indian Current” which still flowed into the present Mediterranean area in 
Early Tertiary times. 

The present considerable intensity of the Gulf Stream is geographically 
controlled (the coast line of South America projecting to Cape Roque directs 
part of the South Equatorial Current into the Northern Hemisphere). This 
may not always have been so, but no more precise statement can be made. 
In the same way, the former strait between North and South America, in 
place of the present Isthmus of Panama, must have had an influence on 
ocean currents, 


EWING AND DONN'S HYPOTHESIS 

The configuration of the Arctic Basin is one of the special characteristics 
of terrestrial relief. While Antarctica consists of an extensive continent, 
there exists at the North Pole a deep sea, ringed about by continents, and 
having only restricted shallow connections with other oceans. Ewing and 
Donn attempt to explain the variation between glacial and interglacial 
phases on the basis of this geographical framework. It is their idea that an 
ice-free Arctic Ocean (fig. 126, 1) may have been the cause of increased 
precipitation, heavier snow, and consequently of the formation and growth 
of glaciers (fig. 126, 2). An open Arctic Ocean, then, was not characteristic 
of interglacial phases—as all other investigators assume—but resulted in 
the initiation of a glacial phase. The ocean remained ice-free while the 
great continental ice sheets formed and only then did it become covered 
with ice (fig. 126, 3), largely because the Faroes-Iceland ridge shallowed, 
as a result of the eustatie drop of sea level, and cut off the Gulf Stream. 
With the icing-over of the Arctic Ocean, the glacial phase came to an end, 
hecause the glaciers, no longer receiving enough rainfall, slowly disappeared, 
The polar ice sheet also melted gradually (fig. 126, 4) except over Green- 
land, and the cycle could begin anew. 

Thus the driving force behind the alternation of glacial and interglacial 
phases is essentially the Arctic Ocean which, when ice-free, produces by 
evaporation, the water required to feed the glaciers and, when ice-cover ed, 
allows the glaciers to dwindle. Another absolute prerequisite, however, 1s 
the present geographical environment of the North Pole. 

Cr.—16 
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Fic. 126. DiacRammatic OUTLINE OF THE GLACIAL THEORY oF Ewine AND DOoNN 

The north polar region is shown. 1 = beginning of glacial phase (Arctic Ocean ice-free); 
2 = glacial phase (Arctic Ocean ice-free); 3 = maximum extent of glaciation—beginning 
of interglacial phase (Arctic Ocean covered with ice); 4 = interglacial phase (present 
condition; Arctic Ocean ice-covered). Black = Continental Ice; shaded = Floating Ice; 
arrow = Gulf Stream. The Davis Iceland-Faroes Ridge is also marked. (From Schwarzbach, 
1960.) 


The following objections, in particular, may be raised to this hypothesis 
(Livingstone, 1959; Schwarzbach, 1960): 
(a) The mechanism would probably function too quickly, i.e. the Arctic 
Ocean might well become covered with ice much more rapidly than 
Ewing and Donn assume, long before the continental ice sheets attained 
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their maximum development (Stokes, 1955, also suggested this in 
another connection). 

(6) It is not obvious why the Greenland Ice persisted throughout the 
interglacials. 

(c) It is not easy to see why Siberia was not glaciated to the same extent as 
Canada if, in fact, the open Arctic Ocean was the source of precipitation. 

(d) The Faroes-Iceland ridge would indeed be covered to a lesser extent 
during glacial phases but the difference would not be great. 

(e) Ewing and Donn also explain why the mechanism first started to 
function at the start of the Quaternary Period; the North Pole was 
previously situated elsewhere, and the exceptionally favorable con- 
ditions were only achieved at the start of the Quaternary. Yet there is 
no indication of marked polar wandering in the Cenozoic. This hypo- 
thesis does not explain the pre-Quaternary glaciations any better. 

While the hypothesis leaves several questions to be answered it is valuable 
in that it draws attention to the very special geographical situation of the 

Arctic region at the present time, with its oceanographic and meteorological 

consequences. 


EXPLANATION OF THE GONDWANA GLACIATIONS 


It is readily apparent that small climatic changes can originate from 
paleogeographic effects. Attempts have also been made, however, to 
elucidate such puzzling phenomena as the Gondwana glaciations of the 
Upper Paleozoic entirely on a paleogeographic basis. The best reasoned 
reconstruction of this type is that given by Brooks (see fig. 92). 

In view of the present proximity of the glaciated areas to the equator, one 
cannot help accepting that at that time, Gondwanaland must have been 
uncommonly high (provided there has been no polar wandering). Brooks 
assumes an altitude of 3,000-5,000 m., i.e. the present height of Tibet. This 
cannot be proved directly, but then it is always difficult to prove the 
existence of such former highland areas, and in any case, it is just as difficult 
to disprove it. Brooks cites widespread and vigorous volcanic activity in the 
Upper Carboniferous as one of the causes of glaciation. The fine volcanic 
dust must have reflected a considerable part of the sun’s rays and thus 
produced a marked cooling. 

Brooks regards Nearctis, North Atlantis, and Angaraland as the Permo- 
Carboniferous continents of the Northern Hemisphere. Nearctis (North 
America) was joined to North Atlantis (Europe and East Greenland) by 
a land bridge. Between the two lay an Arctic Gulf bounded to the south by 
this land bridge. Angaraland (Northeast Asia) was separated from North 
Atlantis by the broad Volga Sea. To the south lay the mighty Gondwana 
continent of South America, South Africa, India, and Australia. It was 
separated from the northern continental blocks by a mediterranean Tethys 
which encircled the globe. Brooks considers that the warm waters of both 


232 Climates of the Past 


North and South Equatorial Currents flowed from the Pacific into Tethys 
and the Volga Sea, to bring the warmth which gave rise to the coal forests 
and the fusulinid limestones of Spitzbergen. 

On the other hand, the sea south of Gondwanaland was cut off from 
a supply of warm equatorial water. Consequently, the middle latitudes of 
the Northern Hemisphere were warmer than usual, and those of the 
Southern Hemisphere relatively cool. Brooks asserts that the resulting 
pressure distribution resulted in southerly winds, whick, when forced to 
ascend over the Gondwana continent, gave rise to cloud and precipitation, 
Together these caused cooling and the development of ice fields which, once 
formed, constantly enlarged themselves because of self-induced cooling. The 
most favorable conditions for widespread glaciation undoubtedly occurred 
on the southern margin of Gondwanaland. Only where the topography was 
unusually high could glaciers have flowed, as they did at times in India, into 
Tethys. Brooks assumes that there was a small icecap in the Arctic, whence 
were derived the icebergs that deposited the Squantum Tillite near Boston. 
If, as all previous geological observations suggest, Antarctica remained 
ice-free, this may be attributed to a rainfall too low to support glaciers. 
These, then, are Brooks’s ideas. 


Arguments Against Relief Hypotheses 


We will discuss only a few of the arguments against purely paleogeographic 
explanations of climatic variation. 

Let us begin right away with the interpretation of the Gondwana 
glaciations which have just been outlined. That ice could occur in equatorial 
regions, or at least subtropical regions, while warm climates prevailed in 
high latitudes is, for a start, so paradoxical that one is compelled to think 
that the assumption of paleogeographic causes appears unlikely and the 
argument is forced. It may be difficult to dispute particular points in the 
argument, but it is very doubtful if we have correctly estimated the extent 
of the climatic factors or have taken all factors into account. For example, 
Huntington and Visher gave quite a different interpretation in 1922; see 
also J. Wolbach. The geologist must also point out that the paleogeographic 
assumptions are extremely uncertain; many geologists (e.g. Teichert) 
reconstruct Gondwanaland quite differently; this would vitiate an essential 
part of the reasoning. Furthermore, it seems probable, because of the marine 
intercalations, that the glaciated area was at a relatively low rather than 
a high level, and one can hardly find any abnormal volcanic activity outside 
Australia. Lastly, the paleogeographic conditions cannot have been 
sufficiently different immediately before and after the Ice Age for one to 
understand why the glaciers were exceptionally extensive at this time. 

The oft-invoked succession of mountain building and Ice Ages is, in detail, 
not always so exact as Ramsay and others have shown in their schematic 
diagrams; especially if one equates mountain building with orogenic phases. 


Relief Hypotheses 233 


In the great mountain chains, the different parts are often of somewhat 
different age, and successive fold movements gave rise to a great many 
periods of mountain building which are distributed throughout great parts 
of the stratigraphic column, and are not associated with Ice Ages (fig. 124). 
Of course, folding need not always be related to uplift, but usually it is. 

There is also a wide spatial discrepancy, for most of the Permo- 
Carboniferous mountain building occurred in the Northern Hemisphere 
while the glaciation was confined to the Gondwana continent. Hence, it 
appears that the formation of individual mountain ranges is not an essential 
factor in development of an Ice Age, although mountains may occasionally 
form the site of extensive icecaps (e.g. Cordilleras or Alps in the Quaternary). 
On the other hand, as Bederke rightly stressed, world-wide epeirogenic 
movements are of major importance, though we can only perceive this 
clearly in the Cenozoic. They are associated with orogenic cycles, and result 
everywhere in uplift of the continental blocks (and corresponding deepening 
of the ocean basins). The gradual climatic changes of the Tertiary Period 
clearly coincided with such movements. 

The mild climate of the polar regions and “polar floras” have frequently 
been attributed to warm ocean currents. These are certainly an important 
climatic factor, but are unlikely to be the only one. Ocean currents cannot 
raise or lower the overall heat balance of the earth; they can only affect the 
distribution of heat. We can readily envisage that they are the cause of the 
present warming of the Arctic and will, in the foreseeable future, produce 
melting of the polar icecap. It is hardly conceivable, however, that con- 
ditions suitable for the growth of Taxodium, poplars, and spruce will then 
exist at the North Pole—as they did in Grinnell Land during the Tertiary 
Period—simply because of the action of ocean currents. Other factors are 
also involved here. 

In this connection, G. S. Simpson has pointed out that, in spite of the 
obvious very great difference in distribution of land and sea, the Northern 
and Southern Hemispheres have strikingly similar annual mean tempera- 
tures for any given latitude (at Ieast between 0° and 70° latitude, see 
Table 3). In general, the difference between the two hemispheres does not 
exceed 3° C. Of course, the comparison comes out rather unfavorably if, 
unlike Simpson, we consult more recent data for the polar regions themselves 
{according to Meinardus’ table, the differences there amount to 6~7° C). 
On the whole, however, the similarity is remarkable; so the earth’s overall 
temperature distribution obviously depends but little on the distribution of 
Jand and sea, and therefore must always have been more or Jess the same 
in past ages as it is now, as long as no other major factor was involved. 

Simpson naturally concedes the very great influence of Jand and sea in 
controlling the climate of different areas, but only with reservations, The 
seasonal minimum temperatures of North America, in lat. 40°, 50°, and 
60° N are 10°, 1°, and —8°C respectively; those of the much Jarger Jand 
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mass of Asia are 10°, 0° and —8° C at the same latitudes. This shows that 
there is a limit to the influence of a continental land mass; even North 
America is large enough to produce the maximum possible temperature 
lowering. It therefore follows that paleoclimates at times when coastlines 
were quite different, cannot have differed in any essential respect from 
today’s. 

One important objection to Simpson’s ideas is that when polar icecaps 
have formed, they undoubtedly have a decisive effect on climate. It is even 
difficult to reconstruct with any reasonable accuracy the climatic condi- 
tions that would prevail if there were no icecaps. Brooks believes that even 
the small difference of 3° C conceded by Simpson would, under favorable 
conditions, suffice to produce a complete rearrangement of climatic belts, 
Neither should we forget, as Sir Napier Shaw remarked in the discussion 
following a lecture by Simpson, that altitude can have a far-reaching effect; 
the modification involved because of this is probably only slight. 

Lastly, multiple glaciations constitute a difficult problem for relief 
hypotheses, since it is very improbable that repeated uplifts or the like, 
could affect extensive areas more or less simultaneously. For this reason, 
many investigators combine relief hypotheses with other explanations such 
as radiation curves (Wundt, Zeuner) or variations in solar radiation (Flint). 


Philippi’s Opposed View 

E. Philippi’s (1910) explanation of the relationship between Ice Ages and 
mountain building is completely opposed to that of other investigators. 
Cooling produced by glaciation would have intensified the contraction of the 
earth, and would thus have produced crustal movements and folding! By 
this interpretation, coal formation in the fore-deeps of mountain chains, and 
volcanic activity, were consequences, rather than causes, of the Ice Ages. 
Cause and effect change places. Schirmeissen has likewise assumed that the 
burden of polar ice forced magma toward the equator, and thereby gave rise 
to great tectonic events. Apart from geophysical considerations, however, 
the chronological sequence of events refutes these hypotheses. 


SUMMARY 


We may be sure that the earth’s climatic history is closely related to its 
paleogeographic history. Major Ice Ages occurred in times of strong relief, 
and many regional climatic characteristics may be explained on the basis 
of such paleogeographic conditions as the distribution of land, sca, and 
ocean currents. 

On the other hand, it is either uncertain or improbable that the whole 
extent of climatic variations could have been caused by relief (in its widest 
sense). Other factors obviously played an important part. 
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glaciation; but such an explanation is not in accordance with any geological 
observations. 

The internal heat of the earth has again been regarded as important, in 
quite a different way in some modern theories of climatic variation (e.g. 
A. Wagner, 1940). Wagner, starting from Brockamp’s observations in 
Greenland, points out the significance of the flow of heat from the interior 
to the surface of the earth, in regard to the growth of glaciers. The thermal 
conductivity of ice is about the same as that of consolidated rock (tempera- 
ture increase 3° C for every 100 m. depth). If the heat flow were lower than 
at present, the ice would attain a greater thickness before melting occurred 
on the underside of the glaciers (i.e. the glaciers would grow). Now, a great 
part of this heat is produced by radioactive decay, and according to this 
theory, it increased continuously during times of tectonic stability and was 
instrumental in producing the warm climates of the early Tertiary, etc. 
Mountain building, however, exhausted the reserves of heat, and therefore 
resulted in a much reduced heat flow. Growth of glaciers and Ice Ages 
followed the formation of fold mountains. This mechanism would explain 
the connection between glaciation and orogenesis. Wagner also sought to 
explain the repeated alternation of glacial and interglacial phases. 

Brockamp supplemented this theory by pointing out that the ice centers 
often lay over old shield areas, e.g. Canadian Shield, which are characterized 
by unusually low geothermal gradients, i.e. where the heat flow is small. 

The physical basis of Wagner’s hypothesis can hardly be assessed in 
quantitative fashion. There only remains the possibility of comparing its 
findings with geological observation, and thereby verifying its accuracy. In 
this case, even more than with relief hypotheses, one can point to the great 
spatial discrepancies between glaciation and mountain building, especially 
in the Upper Paleozoic, for here there should definitely be a close relation- 
ship between the two. Moreover, the difference in time between orogenesis 
and glaciation is sometimes small, sometimes great, and certainly very 
variable. Hence it seems that variable heat flow constitutes, at best, a 
trivial contributory factor, rather than a decisive one. 

Contrariwise, others assume that the cooling produced by the Pleistocene 
glaciations affected the geothermal gradient which at present is still smaller 
than it should be from theoretical considerations (Koenigsberger, Milberg; 
see also Birch, 1948). 

VOLCANIC ASH 

Volcanoes can also influence the climate, by the ash which they eject 
(Sarasin and Sarasin, 1901; more recently Fuchs and Patterson). The amount 
of ash shot out can occasionally be tremendous; in 1883, Krakatoa hurled 
over 4 cubic miles of fragmental material into the heavens, and in 1912, 
Katmai in Alaska ejected 5 cubic miles of rock. In 1912, after the Katmai 
eruption, Abbot and Fowle observed that both at Mount Wilson, California, 
and at Bassour in Algeria, solar radiation was reduced by about 20%. 
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According to Brooks, the really cold years since 1700 have all followed 
volcanic eruptions. 

1784-1786 Asama eruption, Japan, 1783. 

1816 “The year without a summer”—Tomboro, 1815. 

1884~1886 Krakatoa, 1883. 

1912~1913 Katmai, 1912. 
This may have heen largely coincidental for there have been other great 
eruptions, such as that of Coseguina, Nicaragua in 1835, which blew out 
12 cubic miles of ash (Sapper, Vulkankunde, 1927) without producing any 
particularly noticeable effect on climate. 

Arctovski showed that relatively cool weather had prevailed for a month 

before the Katmai eruption, though naturally the volcanic outbreak may 
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Fre. 127. Vorcanic Ournursts AND CLIMATE; TEMPERATURE CHART FOR 1913, THE YEAR 
AFTER THE KATMAI ErRvpTION (June, 1912) 


Black = temperature higher than normal; shaded = lower than normal. No obvious 
relationship between the two phenomena (after Gentilli, 1948). 


have intensified the drop in temperature. Gentilli’s maps (fig. 127) likewise 
indicate that the overall temperature of the earth was not conspicuously low 
in the years 1884, 1913, and 1922 (after the eruptions in the southern Andes). 
Brooks tried to assess numerically the effect of volcanic ash on paleo- 
climates (Chapter 10). He worked out the thickness of volcanic rocks in each 
formation and drew up the following relative values (on a scale from 1-10). 
Holocene : ; . . . 2 
Pleistocene 
Pliocene 
Miocene 
Oligocene 
Upper Eocene 
Lower Eocene 
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and so on. These estimates are very uncertain, however, and in some cases 
it is possible to disagree with them. Besides, lavas predominate among the 
volcanic rocks, and in this connection they are of much less importance, for 
they need not be associated with considerable ejection of ash. On the whole, 
the influence of volcanic ash on climate is probably only slight, and at best, 
it is of no more than secondary importance. This is apparent since, for 
example, the Upper Paleozoic glaciations seemingly occurred before the 
maximum vulcanicity, while the voleanically active Early Tertiary enjoyed 
a decidedly warm climate. 


CO, CONTENT OF THE ATMOSPHERE 


There is yet a third way in which volcanoes can produce climatic changes; 
by emission of carbon dioxide. The “carbonic acid”? hypothesis has been of 
particular significance in the last hundred years or so. Arrhenius propounded 
its physico-chemical basis, Frech and others, its geological importance, and 
Plass (1956) has re-examined it very closely. 

The varying CO, content of the atmosphere has undoubtedly affected 
incident radiation; when the CO, content was high, a greater proportion of 
solar radiation penetrated to the earth, and besides, more of the rays 
reflected from the earth’s surface were absorbed (greenhouse effect). 
Consequently, warm phases correspond to periods when the CO, content of 
the atmosphere was high. At first, volcanoes were regarded as the source of 
the CO,, but other origins are possible. 

Plass has carefully investigated the physical foundations of this hypothesis 
(Table 45) and has found that a temperature variation of about 3° C would 


TABLE 45 
CO, CONTENT OF THE ATMOSPHERE, AND MEAN 
TEMPERATURE OF THE EARTH’S SURFACE (AFTER 
PLASS) 


TEMPERATURE OF EARTH’S SURFACE 
CO, CONTENT OF ATMOSPHERE WITH CLEAR SKIES HALF CLOUDED 


Double present content 3-6°C higher | 2-5°C higher 
Half present content | 3-8°C lower | 2:7°C lower 


take place, if the CO, content were doubled or halved. The variation is 
dependent upon cloudiness, but water vapor is less influential than Brooks 
(1951) assumed. 

Philippi and others have objected that the excess CO, would not have 
remained in the atmosphere, but would have been transferred to the 
‘enormous reserve supply of the oceans”. It does seem, though, that the 
atmosphere-hydrosphere system is, at present, more or less in equilibrium. 
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Theoretical considerations indicate that the following mechanisms could 
he initiated if the earth’s CO, supply were somewhat reduced (possibly by 
7 per cent), and then remained constant. 

(a) The temperature would fall by about 4° C, till equilibrium conditions 
were achieved once more in the atmosphere-hydrosphere system. (G in 
fig. 128.) This would take some tens of thousands of years (probably 50,000) 
for water exchange in the ocean is very slow. Kulp (1952) estimated by C4 
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Atmospheric CO2 Pressure 






80 100 120 140 160 180 x 10%%q Co. 
Fic. 128, Curves or CO, BALANCE IN ATMOSPHERE-YDROSPHERE 
SYSTEM. 


Ordinate-atmospheric CO, pressure. Abscissa-corresponding mass 
of CQ, in atmosphere-hydrosphere; 1:00 vol. = present vol. of 
oceans; 0°95 vol. of ocean decreased by 5%. P= present CO, 
pressure; G = COQ, pressure during glacial phase; N = CO, pressure 

on melting of glaciers (after Plass, 1956). 


dating that water from the ocean deeps near Newfoundland had been at the 
surface 1,700 years earlier. Extensive glaciation would appear and the 
volume of the oceans would be reduced thereby by about 5%. 

(b) Ice can contain only a very smal] amount of carbonates compared with 
sea water, so the concentration in the remaining sea water rises, and since 
its CO, content is now too high, CO, is transferred to the atmosphere until 
equilibrium is again achieved between the atmosphere and the 5 per cent 
smaller volume of sea water (N in fig. 128). The CO, partial pressure of the 
atmosphere, and the temperature, rise. 

(c) The ice melts, the volume of the ocean increases, and so the equilibrium 
is upset once more. When balance is restored, conditions are once more as 
they were in (a) so the cycle begins anew, provided that the CO, content of 
the earth as a whole has not changed. A periodicity of the order of 50,000 
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years is plausible for this cycle. Only when the CO, content increases or 
decreases does the mechanism vary. Too little CO, would lead to permanent 
glacial conditions. 

As with many other climatic hypotheses, the geologist is not in a position 
to pass judgement on the physico-chemical assumptions. His criticism must 
apply, above all, to the geological applications of the hypothesis; which 
raises, first of all, the question, “which geological events cause considerable 
differences in CO, content?” 


TABLE 46 


MAJOR FACTORS AFFECTING CO, BALANCE AT THE 
PRESENT TIME (AFTER PLASS) 











TONS/YEAR 

Photosynthesis . . 2. 1. 6 ee ee te —60x 10° 
Decay, respiration . . 2. . 1. 1 1 ew ew ee 60 x 10° Organic world 
Peat formation (and other organic sedimentation) . . —0-01 x 10° 
Weathering oflavas . . . 1. 2. 1. 1. ew es —0-1 x 10° 

pe a Inorganic world 
Primary CO, (hot springs, volcanoes, ete.) . . . . 0-1 x 10° 
Burning of coal, etc. Land cultivation, ete... . . . 6-0 x 10° Agency of man 





Table 46 shows that, apart from the effects of industry over the last few 
decades, volcanic activity, weathering of eruptive rocks, and coal formation 
all play a part. Primary CO, from the centre of the earth can certainly be 
produced in considerable quantities. Knetsch, for example, calculated that 
in the Eifel alone, an area where volcanic activity became extinct long ago, 
200 tons of CO, are still emitted daily. Plass has rated the formation of 
carbonates from the silicates of eruptive rocks during weathering as being 
of particular importance. Lastly, the accumulation of coal and oil must 
doubtless have withdrawn much CO, from the atmosphere and the ocean at 
times. The earth’s coal reserves alone have been estimated at almost 
5 million million tons, and most coal seams are, in fact, concentrated at 
certain definite horizons in the stratigraphic column. 

Callender, Chamberlin, Frech, Lozinski, Plass, and others have stressed 
the time relations between these processes and events in the earth’s climatic 
history. There does indeed appear to be a possible connection over the last 
few decades, for CO, enrichment resulting from industry has been paralleled 
by a climatic amelioration; but otherwise, the relationship is not very clear. 
Warm phases, such as the Mesozoic, are often characterized by little volcanic 
activity. Intensive coal formation does indeed precede the Gondwana 
glaciations, but the interval between the period of maximum coal formation 
in the Westphalian and the main glacial phase is of the order of several 
millions of years, if that phase occurs at the Permo-Carboniferous boundary. 
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Nevertheless, this is the earliest period where a relationship can be thought 
possible. With the Quaternary Ice Ages, however, the discrepancy is much 
greater still, amounting to some tens of millions of years after the Miocene 
coals, and to much more after the early Tertiary and Cretaceous coals. Plass 
also considers that mountain building is important, since it encourages the 
weathering of eruptive rocks. However, large plutons are usually very 
gradually exposed at first, and the world’s younger fold mountains still 
display a surface consisting, for the most part, of non-igneous rocks, i.e. it is 
impossible to explain the Quaternary glaciations as having succeeded the 
Tertiary mountain building, for this reason. 

Plass saw, in plants, another interesting indication of a once higher CO, 
content; they grow considerably better when the atmosphere is rich in 
CO, (carbonic acid as a fertilizer!) and therefore, they probably first 
developed in such an environment. 

On the whole, it can probably be said that a relationship does appear to 
exist between CO, content of the atmosphere and temperature. But at 
present, no geological factors are known which could have influenced the 
CO, balance so considerably as to provide a possible explanation of the 
fundamental characteristics of paleoclimates. 


Further reading: REVELLE AND FAmBRIDGE, 1957. 


CLOUD 


Clouds are an important factor in determining climate, for they reflect 
a considerable part of the sun’s rays; 74-80% where they are 1000 m. or 
more thick. At the same time, there are considerable differences in cloud 
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Fre. 129. Mean ANNUAL CLOUDINESS ALONG THE GREENWICH MERIDIAN 
(0°) at the present time (after A. A. Miller, 1943). 


cover, i.e. the proportion of the sky covered by cloud, at different latitudes. 
At the equator, the mean annual value amounts to six-tenths, in the deserts 
of the horse latitudes, two-tenths, and in higher latitudes, as much as 
seven-tenths (fig. 129). The extensive cloud of the equatorial zone is the 
reason why that area has lower mean annual temperatures than the almost 
cloudless desert belt. Clouds, of course, do also help to prevent loss of heat 
radiated from the earth, but this effect is not so great as that of reflection 
of solar radiation. Only in the polar regions does cloud cover during the 
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polar night produce an appreciable rise in temperature; for then, all effective 
radiation is coming from the earth itself. 

A mean annual cloud cover of five-tenths over the whole earth results in 
a 374% loss of solar radiation. Brooks has calculated that if this cover were 
reduced by only one tenth, then the mean annual temperature over the 
earth would rise by about 8° C. 

Glaciations have therefore been attributed to increased water vapor 
content in the atmosphere (Tamarelli, 1888; Harboe; de Marchi). It was 
thought that volcanoes were the main source of water vapor, but the 
amounts resulting from volcanic activity are so small that they could, at 
most, have had only a slight, local significance. 

From the geological point of view, the extinction of the saurians at the 
end of the Cretaceous Period has been explained by saying that then, for 
the first time in the earth’s history, the previously thick cloud cover was 
rent asunder, so that seasonal temperature variation first occurred (Stechov, 
1954). No other factors support this assumption. The periods of great, 
widespread aridity, that are known to have taken place long before this, 
must have required clear skies. 


SALT CONTENT OF THE OCEAN 


The present salt content of the ocean amounts, on average, to 3.5 per cent. 
Salt water is denser than fresh water, cold water is heavier than warm water. 
This is important in controlling deep oceanic circulation, and is the basis of 
T. R. Chamberlin’s hypothesis that the currents in the deep ocean once ran 
in the opposite direction, and thus caused the strikingly uniform climates of 
many former epochs (1899; see Chamberlin and Salisbury, 1906). 

The starting point for this hypothesis, as for Arrhenius’s, is the varying 
CO, content of the atmosphere; a high CO, content leading to a slight 
temperature increase. Evaporation in low latitudes was thereby increased to 
such an extent that there, the surface waters of the ocean became relatively 
rich in salt. This enrichment caused their density to increase and they sank, 
to create a situation the reverse of today’s, when cold water descends to the 
depths near the poles. This brings about a great exchange of polar and 
equatorial water, with strong bottom currents flowing toward the equator 
and producing low temperatures on the sea floor. According to Chamberlin, 
warm equatorial water flowed poleward along the bottom during warm 
phases. Its heat was therefore not lost to the atmosphere, but mostly 
retained in the oceans; cold polar water flowed along the surface to lower 
latitudes. 

Chamberlin assumed that both glacial and interglacial phases were 
characterized by cold water sinking at the poles, though in the latter case, 
the circulation was on a smaller scale. The resulting exchange of water led 
to a constant decrease in amplitude of the climatic fluctuations. 

Against Chamberlin’s ingenious hypothesis, one can probably argue that 
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it is doubtful whether small variations in CO, content, and the resulting 
slight fluctuations in the salt content of the oceans, would have produced an 
effect so revolutionary as the complete reversal of deep oceanic circulation. 
Moreover, his explanation of multiple glaciations is not really convincing, 
and naturally the arguments against the “carbonic acid” hypothesis can 
also be used against Chamberlin’s. 

The salt content of the oceans may not always have remained constant. 
It has generally been assumed that much of the salt was brought in by rivers, 
and that the salt content of the oceans has therefore increased with time 
(first by Halley, 1715). In fact, this can only be deduced theoretically. 
Faunas, and other geological data do not support it; indecd they suggest 
that there have been no, or at most only quite insignificant, variations in the 
salt content of the oceans during the later part of the earth’s history, from 
Cambrian times onward. 

A smaller salt concentration would result in a rise of freezing point; at 
present, with a 3.5%, concentration, it is —2°C. This means that the 
Precambrian seas, if they really were deficient in salts, would have become 
ice-covered more readily than today’s. Oceanic circulation was also pre- 
sumably more active at that time (Huntington and Visher, 1922) because 
the upwelling of cold waters in the equatorial zone would not have been 
hindered to the same extent by descending dense salt-rich waters. Increased 
circulation would have led to lower temperatures at the equator, and to 
higher temperatures at the poles. Reduced salinity would therefore have 
produced a more uniform climate. Such an effect cannot, of course, be 
demonstrated, because our knowledge of the Precambrian is too slight. 

A last hypothesis dependent on salinity is A. H. Clark’s (1924). Clark’s 
idea is that increased salt concentration would have appreciably reduced the 
vapor pressure of water, and so would have led to much decreased evapora- 
tion. Hence, as time went on, the amount of water vapor in the atmosphere 
decreased, and so the climate became less uniform. A further effect was that, 
because of the reduced evaporation, the oceans contained more water; many 
of the present land bridges must therefore have been flooded. 

Mencher showed that Clark’s stimulating hypothesis cannot withstand 
any close inspection. At most, the variations in sea level caused in this way 
would have been only 30 cm.; and the vapor pressure decrease, during the 
conversion of a fresh-water ocean into one with the present salt content, 
would have amounted only to some 2%. So small a decrease can have had 
no important effect on climate. 
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Polar Wandering, 
Continental Drift, 
and Paleomagnetism 


If the orientation of the earth in relation to the sun had 
been only slightly different, everything else would have 
differed too. 
J. G. Herper, Ideen zur Philosophie der 
Geschichte der Menschheit, 1784. 


POLAR WANDERING 


If the position of the poles varied, then the climatic belts would migrate. 
Thus, for example, Central Europe could easily arrive in either the polar or 
the equatorial zone. Hooke, Herder, and others explained the former 
“tropical climate” of Europe in this way more than 200 years ago. The Ice 
Ages and polar floras were soon interpreted in the same fashion, particularly 
by paleobotanists. At the same time, they related polar temperatures to the 
polar night, as Heer, Lyell, and others had already done. 

At first, polar wandering was thought of as an actual shifting of the 
earth’s axis of rotation; but certain physical considerations weighed against 
this idea, so now most investigators view it with disfavor, or consider it as 
having been possible only in the early stages of the earth’s development (see 
Schwinner, 1936; Gold, 1955, gives the opposite view). At present, only 
slight, climatically insignificant, variations in position of the pole can be 
observed. 


CONTINENTAL DRIFT 


There remains, however, the second possibility of a relative displacement 
of the poles, whereby the distance between any given point on the earth’s 
surface and the pole of rotation (constant) varies; and thus so does its 
latitude and longitude. For this reason, crustal shortening resulting from the 
formation of fold mountains may well have had some climatic effect. 
According to Cadisch, a strip 400 miles wide was compressed into 90 miles 
to form the Swiss Alps; in the Himalayas, the crustal shortening may have 
been much greater (Argand considers it to be of the order of 1,250 miles). 

It is much more commonly assumed that the lighter continental blocks 
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have moved over the denser basement (Kreichgauer, Taylor, especially 
Wegener, 1912). Wegener and Képpen assembled the paleoclimatic data, 
and represented it in many maps (fig. 93) that support the idea of extensive 
continental drift. Képpen and Milankovitch worked out the route traversed 
by the poles since Carboniferous times. 

Whether or not the drift assumed by Wegener and others is physically 
possible, is still very controversial. We shall consider the possibility, in 
unbiased fashion, and see how it accords with paleoclimatic data. 


Further reading: Du Torr, 1937; SaLomon-CAtv1, 1931, 1933. 


Paleoclimatic Arguments Against Wegener’s Drift Hypothesis 


According to Wegener, there was also considerable continental drift in the 
relatively recent geological past. But it has now been established that, 
contrary to this theory, the position of the pole during the Pleistocene 
Period was no different from what it is now. The Quaternary glaciation of 
Scandinavia, for example, cannot be explained by polar wandering. The 
glacial snow line ran parallel to the present onc in all areas (Klute; fig. 110). 
Hence a migration of the climatic belts cannot be recognized in the 
Quaternary or Younger Tertiary (Behrmann); or possibly even in the early 
Tertiary (Chaney, Schwarzbach; Chapter 18). 


Paleoclimatic Evidence in Favor of Continental Drift. 


In pre-Tertiary times, conditions were different. Lotze has shown that the 
evaporite belt of the Northern Hemisphere has been shifting continuously 
since the start of the Paleozoic Era; it gradually migrated from the polar 
zone to its present position (fig. 121). He interpreted this movement as 
a result of shift of the poles. The evidence would be more definite if we could 
also demonstrate movement of the arid belt of the Southern Hemisphere; 
but for this, not enough information is available. 

The reef belt, however, behaved in exactly the same fashion (Schwarzbach; 
fig. 122), and we have seen that the north polar zone has yielded a great deal 
of evidence of warm climates during the Paleozoic and Mesozoic Eras. 
Paleoclimatology thus affords a strong argument in favor of extensive shift 
of the poles, and probably of considerable continental drift, especially in the 
Paleozoic. It at least supports the fundamental principles of Wegener’s 
Hypothesis, even if it does not confirm particular points. Neither the extent 
nor the time of continental drifting need have corresponded with Wegener’s 
concept of them; to some extent, at least, they certainly did not. By and 
large, we should probably think more of a shift of the earth’s crust as 
a whole, than of drifting of individual continents. 

The Upper Paleozoic Glaciations are of vital importance in this connec- 
tion. Some traces of these glaciations are now to be found at the equator, 
and despite the efforts of Brooks and others to explain this on a purely 
paleogeographic basis (Chapters 16, 28, fig. 92), it seems impossible to avoid 
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assuming a different position for the pole at that time, though Koken 
recognized, in 1907, that given a suitable position for the pole, the further- 
most traces of glaciation lie far outside the polar circle. Wegener's 
reconstruction, extended by Du Toit and others, shows a close grouping of 
the Gondwana continents, an imaginative solution which is undoubtedly 
a highlight of his hypothesis (fig. 93). It is also possible, though, to give an 
adequate explanation which requires only a moderate amount of drift, 
much less than Wegener assumed. 

Many paleoclimatic facts can be explained then on the basis of a different 
position of the poles; but this theory does not provide a complete solution 
to all climatic problems, for it does not explain the alternation of ice-free 
and ice-covered poles during the earth’s history. 


PALEOMAGNETISM 


Modern investigations of paleomagnetism have furnished unexpected 
arguments in favor of shift of the poles. Lavas exhibit a remanent magnetism 
whose direction was determined by the magnetic field at the time when the 
lavas cooled below their Curie point! (thermoremanance). The direction of 
the remanent magnetism can be measured exactly. This makes it possible to 
estimate the position of the magnetic pole at the time of the eruption. 
Comprehensive descriptions have been given by G. Angenheister, Blackett, 
Cox and Doell, Hospers, Irving, Nagata, Nairn, Runcorn, and Schmucker. 

The following difficulties stand in the way of the geological application of 
this method: 

(a) The measured values are always extremely small, and only relatively 
few rocks, mostly those containing magnetite, are suitable. 

(b) The remanent magnetism may not have remained absolutely unaltered 
(see Schmucker, 1959). 

(c) In many cases, the magnetic field has reversed, i.e. the north and south 
poles have changed places. The cause of this phenomenon is still uncertain. 
It appears to be stratigraphically useful, e.g. in investigations in Iceland 
(T. Einarsson, Hospers, Rutten). 

(d) It is not certain that the magnetic pole always lay in the vicinity of 
the geographic pole as it does at present. 

The present magnetic poles are situated at (a) lat. 73° N, long. 100° W 
(1948), and (b) lat. 69° S, long. 143° E (1952); but at times, the position 
changes rapidly. The declination at London circa 1600 was +10°; in 1823, 
on the other hand, it was —25°; now it is —9}°. 

There are theoretical grounds for believing that the pole of rotation and 
the magnetic pole are causally related; the terrestrial magnetic field probably 
arises from currents in the interior of the earth, which will be symmetrically 
disposed with regard to the axis of rotation. Thus the earth represents a sort 


1, The Curie point is the temperature above which the ferromagnetic minerals lose their magnetism; 
in magnetite, the ferromagnetic mineral of greatest geological importance, it is 575° C. 
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Fie. 130. Micration OF THE MAGNETIC PoLEs THROUGHOUT THE Eartn’s History 

Solid line shows course as indicated by measurements in North America. Dotted line— 
from measurements in Europe. Further measurements in Russia are indicated by crosses. 
PC = Proterozoic (PC, == Lower Torridonian, PC, = Longmyndian, PC, = Upper Torri- 
donian); Cb = Cambrian; S$ = Siluro-Ordovician; D = Devonian; Tr = Trias; Kr = 
Cretaceous; N, = Eocene; Ny = Oligocene; N, = Upper Tertiary and Quaternary. The 
measurements in Europe and America suggest different routes (after a compilation by 
Komarov, 1960). 


of gigantic dynamo. Conditions over the last few centuries, however, show 
that we must reckon with a deviation of at least 20°. 

The paleomagnetic poles have lain in more or less their present position as 
far back as the Tertiary Period (disregarding the intermittent 180° reversals), 
but in pre-Tertiary times, they often occupied a quite different position. 
Fig. 130 indicates the paleomagnetically deduced migration of the northern 
pole. According to this map, it lay over North America or the northeast 
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Pacific in the Precambrian Era, in mid-Pacific in the Cambrian, and in the 
northwest Pacific and northeast Asia Jater in the Paleozoic, and in the 
Mesozoic. 

Another important result is that pole positions, as estimated in different 
continents, are somewhat different. This can only be interpreted as showing 
that the position of the continents relative to one another has changed. 

Paleomagnetism therefore affords evidence not only of an overall polar 
wandering, but also of continental drift. The paleomagnetic poles are entered 
in the climatic map of the Devonian Period (fig. 84); they are in agreement 
with the other paleoclimatic evidence, sometimes remarkably so. In Permian 
times, the paleomagnetic equator ran through North America and Europe; 
again in good agreement with other climatic evidence. It is to be hoped that 
the method may be developed still further, and that it will provide the 
paleoclimatologist with still more valuable results. 


TREE TRUNKS AND POLE POSITION 


The longest radius of tree trunks often lies in a direction away from the 
sun, i.e, facing the pole. Therefore, it is theoretically possible to recognize 
the former position of the pole, and hence how it has shifted (Kossovich, 
1935, Krames). The method can hardly ever be applied with success, how- 
ever, for there is only a very slight difference in length of the radius; other 
factors, particularly the wind, produce much greater asymmetries in growth 
(Assmann, 1959; see Chapter 8, and fig. 62). Moreover, at any given locality, 
there hardly ever remains enough material for such statistical investigations 
to be carried out. 


Further reading: L1ESE and DADSWELtL, 1959. 
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Orbital Variations 
(Radiation Curves) 


Cecily: That certainly seems a satisfactory explanation, 
does it not? 
Gwendolen: Yes, dear, if you can believe him. 
Cecily: I don’t. But that doesn’t affect the wonderful 
beauty of his answer. 
Oscar WILDE, The Importance of Being Earnest, 
Act ITI, 1895. 


HISTORY 


In 1842, the French mathematician J. F. Adhémar first explained the Ice 
Age as having been caused by variations in the earth’s orbit (rotation of the 
perihelion). Around 1860, James Croll enlarged this theory by introducing 
the idea of variable eccentricity of the orbit. Schmick, Ball, and Pilgrim 
(1904), in particular, also considered the possibility of changes in obliquity 
of the ecliptic, and in 1920, M. Milankovitch worked out a new “radiation 
curve” which W. Képpen and A. Wegener (1924) related to Penck and 
Briickner’s subdivision of the Ice Age. This interpretation has since found 
a great deal of fervent and unreserved approval, especially from W. Soergel 
and F. E. Zeuner. 

Hypotheses based on radiation curves enjoy two great advantages; they 
explain multiple glaciations in simple fashion, and they permit the absolute 
dating of Ice Ages. 


Meteorological Data 


While Adhémar, Croll, and Pilgrim stress the importance of severe winters 
as a cause of Ice Ages, K6ppen, Spitaler, and others regard mild winters and 
cool summers as favoring glaciation. Milankovitch’s and Spitaler’s radiation 
curves therefore represent the summer half of the year, and the periods of 
cool summers are interpreted as glacia) phases. In this connection, Képpen 
and Wegener point to conditions in Greenland and Siberia at present 
(Table 47). Greenland with its mild winters and cool summers is glaciated; 
Siberia, despite its extremely severe winters, is not. 
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TABLE 47 


TEMPERATURES OF GREENLAND AND SIBERIA. (AFTER 
KOPPEN AND WEGENER) 

















GREENLAND SIBERIA 
Coldest month Se el “Gyre Cen terete ae, tate —10°C —4ATC 
Warmest month . 2. 7 ww ee le 6°C 17°C 





Annual mean . —2°C 





MILANKOVITCH’S RADIATION CURVES 
Astronomical Basis 


In constructing his curves, Milankovitch made use of the inclination of the 
earth’s axis (obliquity of the ecliptic), the eccentricity of the carth’s orbit, 
and the precession of the equinoxes (rotation of the perihelion). 

The inclination of the axis is responsible for seasons (Chapter 2). The 
degree of tilt at present amounts to 23° 27’, but varies between 24° 36’ and 
21° 59’, over a period of 40,000 years (20,000 years between the extreme 
positions). When the tilt was small, i.e. when the seasons were less marked, 
glaciation may have arisen provided other factors were also favorable. First 
of these, the eccentricity of the orbit, varies between two extremes in 92,000 
years; the orbit itself is at times more circular, at times more ellipsoidal. 
Precession of the equinoxes causes the day on which the earth approaches 
nearest to the sun to alter. At present, the perihelion is reached during the 
Northern Hemisphere’s winter; hence the winters here are milder, while 
those of the Southern Hemisphere are more severe. But the actual date 
varies throughout the year over a period of 21,000 years. In a.p. 1200 it took 
place on 21st December; in 9300 3.c. it was on 21st June. Naturally, the 
influence of the perihelion and the aphelion can become particularly great 
when the eccentricity of the orbit is most marked. Variations in all these 
factors can be worked out over the last few hundred thousand years. This 
is a tremendous extrapolation but in view of the precision of astronomical 
measurements and calculations, and the inexactitude of geological require- 
ments, the accuracy obtained is probably sufficient. We can, therefore, 
calculate how much radiation was reaching the earth’s surface at every 
season during that time. The annual mean has varied relatively little, but 
there have probably been times with relatively cool summers, when the 
simultaneous occurrence of slight tilt of the axis, great eccentricity of the 
orbit, and winter perihelions, gave rise to the conditions which, according to 
Képpen, Wegener, Spitaler, and others, favor the growth of extensive ice 
sheets. Cool summers are always linked with mild winters. 

The oscillations in solar radiation differ at different latitudes. At present, 
because of the inclination of the axis, northern and southern hemispheres 
receive different amounts of radiation. So, too, do the poles and the equator. 


Orbital Variations 251 


At the upper limit of the atmosphere, a locality 5° from the equator reccives 
161 Kg./cal. in summer, 149 Kg./eal. in winter, while one at latitude 75° 
receives 132 Kg./cal. in summer, and only 7 Kg./cal. in winter. 

Graphical representation of these calculated values yields the much 
debated curves (fig. 131), which have been drawn up to indicate radiation at 
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Fic. 131. Soran Rapration Curves arten Minankovirer (1938) ror THE Nonrtrenn 
Hrispnerr AND Soutuenrn Hemispienr 


(Lat, 15°, 45°, 75° N & § in summer.) Glacial phases according to Képpen, Soergel, 
Zeuner, ete. (From Képpen, 1940.) (Note that Emiliani has proposed a different correlation.) 


different latitudes over the period of the last million years. The curves 
calculated by Milankovitch, and later improved by Woerkom (1953; 
fig. 132), are applied most frequently. 

From the radiation curves, it appears that the temperature minima did not 
occur simultaneously in both hemispheres. They were not far separated in 
time, though, because the inclination of the earth’s axis was of prime 
importance, and that affected both hemispheres in the same way. 

Variation in radiation can be expressed in arbitrary units (canonic units). 
Milankovitch has also expressed it in terms of the depression or clevation of 
the snow line, Later, at W. Wundt’s suggestion, he took into account 


252 Climates of the Past 





600 500 400 300 200 100 0 
Thousand Years 


Fic. 132. Improvep SoLtar RADIATION CURVES AFTER WoERKOM, 1953, For THE Past 
600,000 Years aT LATITUDE 65° N 


Ordinate = latitude equivalent. During the Great Interglacial (between ‘‘Mindel 2” and 
‘*Riss 1°’), there are minima, the greatest of which compare with the ‘‘Mindel”’ and “Riss” 
glacial phases (after Woerkom, 1953). 


secondary effects caused by changing albedo and the like. The variation in 
solar radiation resulting from changes in the earth’s orbit only initiates 
climatic variations; other factors are set up which can greatly increase the 
effect of the initial change. 

The realization that the onset of glacial advances and retreats takes place 
quite some time after the climate changes is also of great importance. This 
can be compared with diurnal and seasonal temperatures which reach their 
maximum effect after noon, and after the summer solstice, respectively. 
Consequently, it is quite possible that the ice sheets are still melting 
although a decrease in solar radiation has again set in. The subdivisions of 
the Ice Ages are, therefore, influenced to a great extent by the length of 
time over which radiation is increased or reduced; short periods of increased 
radiation need not, by any means, be represented by interglacials. Accord- 
ingly, Soergel has transformed Milankovitch’s radiation curves into a 
“glaciation curve’, which is of much less complex construction because 
several small oscillations can be merged into one large one, to give, in theory, 
an immediate picture of the course of the actual glaciations. Soergel has 
given no precise basis for his glaciation curve. It should always be remem- 
bered that around the ice centers, Ice Ages are much more uniform, much 
less subdivided, than in the marginal areas. 


Equation with the Geological Subdivisions of the Ice Age 


The detailed equation of radiation curves with Penck’s geological sub- 
divisions of the Pleistocene Ice Age was first undertaken by Képpen and 
Wegener (1924). They recognized that several of the oscillations in the 
radiation curves had to be grouped together to cover the same length of 
time as Penck had suggested for each glacial and interglacial phase. This is 
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all the more striking, since Soergel (1925) and B. Eberl (1930) later erected 
a fine subdivision of the Quaternary Period based on river terraces in the 
Iim-Middle Germany and the Tier-Lech areas respectively. Over and above 
Penck and Briickner's classic fourfold division, they postulated a bipartite 
division of the three earlier glacial phases, and a tripartite division of the 
last glacial phase; they also discovered pre-Giinz glaciations, and believed 
that all these fine subdivisions could be recognized from radiation curves. 
It is, therefore, no wonder that these investigators and their pupils, 
particularly Zeuner (most recently in 1959), have accepted the use of 
astronomical curves as a completely justifiable method of geological 
chronology. Zeuner and Soergel give the following ages for the glacial 
phases: Wurm IIT, 22,100-25,000: Wiirm II, 72,000; Wirm I, 115,000; 
Riss IJ, 187,000; Riss J, 230.000; Mindel II, 435,000; Mindel I, 476,000; 
Gimz HT, 550,000: Giinz I. 590.000 nor. 


Critical Arguments Against Radiation Curves and their Geological 

Interpretation 

Many objections can be raised: they are of differing importance, and some 
were recognized by Képpen and Wegener themselves, 

(a) Radiation curves have been devised not only by Milankevitch and hy 
von Woerkom. whose curves are largely similar, but also by Spitaler (1921, 
1940), who has constructed curves which differ considerably, especially in 
amplitude. The difference arises because Spitaler divided the radiation 
received at any particular Jatitude by the diurnal are while Milankovitch 
divided it by the diurnal and nocturnal arc. According to Wundt and others, 
Spitaler’s technique is unsound. 

(6) Why are there glacial phases in the Quaternary and not in the Tertiary, 
etc.? Radiation curves can be calculated for more than the last million years, 
and while their accuracy decreases with increasing age, minima must 
obviously have been present in pre-Quaternary times. In point of fact, the 
paleoclimatic interpretation of radiation curves requires some supplementary 
assumptions to be made: obviously it is only in some cases that the astro- 
nomically controlled minima acquire “the necessary echoing circumstances 
to enable truc Ice Ages to appear” (W. Wundt). A certain “glacial readiness” 
(Eisseitbereitschaft) must already he present. 

Paleogeographic conditions have been looked upon as such a supple- 
mentary factor—particularly the deflection of the Gulf Stream by the 
Faroes-Iceland ridge, though opinions on the exact role of the Gulf Stream 
are very divided (see Chapters 22 and 23). 

It is remarkable that in the last 600 million years, conditions such that 
changes in incident radiation could give rise to glacial phases, should have 
existed no more than twice—in the Pleistocene and possibly also in the 
Permo-Carboniferous. 

Baezak has recently put forward an astronomical solution to this problem. 
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At present, the ascending nodes of all seven major planets, i.c. the points 
where their orbital planes intersect the earth’s ecliptic, lie in the quadrant 
between 45° and 135°, This, however, is an abnormal state of affairs which, 
according to Baczak, began some 600,000 years ago and will remain for the 
next 25 million years. Only during such periods is the obliquity of the 
ecliptic sufficient to enable glaciation to occur. 

As with all astronomical theories, the geologist is not in a position to 
comment on its astronomical basis. Indeed, it can almost be said that neither 
are modern astronomers, for the classical tasks of calculation of orbits have 
been put aside while they deal with the quite different problems of 
astrophysics. 

(c) According to the radiation curves, cool summers do not occur 
simultaneously in both hemispheres, so glacial phases must have alternated 
between the two. Geological observations contradict this, however, at least 
for the Last Glaciation. The uniform depression of the snow line in 
particular can probably only be interpreted as indicating that an Ice Age 
was a world-wide phenomenon. 

Wundt, Meinardus, and others, assume that the time differences of the 
minima in each hemisphere have no particular significance. Glaciation 
probably originated almost entirely in the land-rich Northern Hemisphere. 
This ice gave rise to cooling, first of the tropics, and then of the Southern 
Hemisphere. After a few thousand years, a minimum therefore developed 
in the Southern Hemisphere while ice persisted in the Northern Hemisphere. 

It is quite certain that eustatic variations of sea level (and hence marine 
terrace chronology) were controlled almost entirely by the ice of the 
Northern Hemisphere. We need only compare the present and former areal 
extent of ice in both hemispheres for this to become apparent: 

Northern Hemisphere: maximum glaciated area 12.5 million sq. mls. 

(32 m. sq. km.); present area 0.9 million sq. mls. (2.3 m. sq. km.). 

Southern Hemisphere: maximum glaciated area 5.2 million sq. mls. 

(13.3 m. sq. km.); present area 5.0 million sq. mls. (12.7 m. sq. km.) 
(figures after Flint). 

(d) The correspondence between the geological subdivisions of the Ice Age 
and radiation curves is not so conclusive as Eberl, Soergel, and others have 
assumed, and have put forward as a particularly important argument in 
favor of a planetary hypothesis. 

This applies not only to Milankovitch’s “classic” curves, but also to an 
even greater extent to von Woerkom’s improved curves (fig. 132). In that 
section of the curves representing the period of more than 250,000 years ago, 
there is no sort of agreement with the geological subdivisions devised by 
Soergel and others (Schwarzbach, 1954). For example, there are minima in 
the “Great Interglacial” more pronounced than those of the Giinz or Mindel 
Glacial phases. 

The best indication of the subjective nature of the assignment of the 
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many minima of the radiation curves into different glacial phases is afforded 
by the fact that Emiliani and Wundt have recently proposed completely 
different interpretations. For cxample, they equate the Gunz Glaciation 
with the minima of 330,000 years ago, while Soergel et al. consider it to 
have occurred between 550,000 and 590,000 years ago. The allegedly striking 
agreement between geological subdivisions and radiation curves owes a great 
deal to the power of autosuggestion. 

(e) Geological and astronomical absolute chronology are not in very good 
agreement cither. 

Zeuner has rightly said that Kay’s dating may not be brought forward as 
an argument against radiation curves because it is based on inexact data. 
Nevertheless, comparison with precise varve chronology and with C™ dating 
is at least partly unfavorable. According to Soergel’s interpretation, the 
Last Interglacial took place between 170,000 and 130,000 B.v.; from C14 
measurements, half that age seems more probable. 

The values obtained from radiation curves and from C4 dating of the 
period of the last 50,000 years are compared in Table 48. We must, of course, 


TABLE 48 


RADIATION CURVE—AND C4%—CHRONOLOGY OVER THE 
LAST 50,000 YEARS (Before Present) 





RADIATION CURVES cu 
Last Climatic Optimum, . . . . 10,000 ca. 6000 
Last Glacial phase. 6 ww eee 25,000 ca, 20,000 
LastIntergiacial =. 6 0. we ee | 40,000-60,000 ca. 30,000-40,000 


consider the possibility that climatic changes caused by fluctuations in solar 
radiation would have occurred quite some time after the fluctuations them- 
selves. Granted this, we cannot deny certain agreement between the two 
time scales for this youngest part of the Quaternary Period. 

(f) Postglacial climatic development shows no obvious relation to radiation 
curves. The postglacial Climatic Optimum may perhaps be equated with 
a maximum in the radiation curve for a delay of some thousands of years 
might be possible; but the extensive Younger Dryas Period cannot be 
explained in this way; it has no equivalent minimum in the radiation curve 
(Firbas; fig. 114). 

(g) Even the meteorological assumptions may be disputed. Are cool 
summers—which in the radiation curves are automatically linked with 
milder winters—the essential requirement for the onset of Ice Ages? 

Variation in the length of glaciers in historic times is of particular 
importance in this connection. The glacier retreat over the last few decades 
has been associated with an amelioration of winter temperatures (fig. 116), 
i.e. exactly the opposite of what might be expected (see A. Wagner, and also 
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Simpson’s hypothesis). The Antarctic also deserves mention, for there too 
the meteorological requirements for advance and retreat of ice are obviously 
quite different (Meinardus, 1928). 


Review of Radiation Curves 


From all that has been said, it is apparent that the connection between 
radiation and glaciation is much more complex than Koppen, Wegener, and 
others have assumed. Even if it did exist, however, it is hard to believe that 
such relatively small oscillations in radiation as are shown in Milankovitch’s 
curves could have influenced climates so fundamentally. Certainly, self- 
induced cooling can be of great importance, but only when many other 
factors are working in the same direction, and that is not the case here. 
Increased radiation in winter does not always favor glaciation, nor do the 
nodes of the curves for different latitudes correspond in amount or, some- 
times, even in sense. 

We must, therefore, remain doubtful of the climatological interpretation 
of radiation curves. The basis of these planetary hypotheses appears to be 
very insecure. Ice Ages are, of course, such complex phenomena that we can 
hardly pronounce definitely for or against planetary hypotheses by 
deductive methods; only direct and detailed comparison of geological and 
astronomical chronology of the Ice Age can yield really positive results, At 
the present time the amount of geological data is not yet sufficient to be 
conclusive; but meanwhile, it is probably more against than for. 


APERIODIC ORBITAL VARIATIONS 


It is possible to conceive of aperiodic as well as periodic variations in the 
earth’s orbit. For example, the earth could once have rotated more quickly, 
or the axis could have been much more inclined than it is now. A case of 
theoretical interest would arise if the obliquity of the ecliptic were 35° 
because then, as Gripenberg pointed out in 1933, all latitudes would receive 
the same amount of solar energy, namely that at present received by 
lat. 36°. It would then be possible for a subtropical climate to prevail 
throughout the world; the tropic sun would stand high in the heavens in 
summer; and lower or below the horizon during the long, cool winters, i.€., 
conditions would favor coal formation. 

Geological observations gainsay such extreme seasonal variations in 
climate; moreover, astronomers can find no criteria for such an inclination 
of the axis in the latter part of the earth’s history. The same objection 
applies to the hypothesis that the earth’s axis once stood vertical to give 
rise to a 12-hour day (Allard, 1948). 
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Extra-Terrestrial 
Hypotheses 


ABSORPTION BY INTERSTELLAR MATTER 


Clouds of fine dust (nebulac) sereen certain parts of the heavens. F, Nélke, 
in 1909. was the first to assume that solar radiation would have been 
considerably reduced by passage through such interstellar matter, and that 
an Ice Age would thereby have arisen. He considered especially the nebula 
in Orion. 

Mathematical investigation shows, however, that absorption is very small 
in the distance between the earth and the sun; a considerable cooling effect 
is thus improbable (see Krook, 1953). 

According to Shapley and others, nebulae played the opposite role; they 
could activate the sun into giving out more radiation. (See next section but 
one.) 


Satellite Rings 


R. L. Ives (1940) proposed a similar, rather fantastic, hypothesis that 
assumes that solar radiation was reduced by matter outside the carth’s 
atmosphere. Ives postulated that, during the Permian Period, there was a 
ring of tiny satellites round the earth, of the type that now form Saturn’s 
rings. The shadow of this ring was sharply focussed on the equatorial area, 
and could have given rise to the circumequatorial Gondwana Glaciation. 
However, the Gondwana Glaciation was probably not at all cireumequa- 
torial, and furthermore, this hypothesis of satellite rings, which appeared 
for a short time at the end of the Carboniferous and disappeared again in 
the Permian—a sort of astronomical deus ex machina on a flying visit— 
does not explain other Ice Ages. 


THE SUN AS A VARIABLE STAR 


In the hypotheses already dealt with, the sun has been regarded as a star 
giving out a constant amount of radiation, which was altered only by 
secondary effects, or was differently distributed. But the sun has not 
remained eternally unchanged. In the course of time, the intensity of 
radiation may have varied uniformly or periodically, thereby greatly 
influencing the climate of the earth. 
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E. Dubois argued on behalf of such a view in’1893; he was thinking 
particularly of a slow cooling of the sun (he explained the Gondwana 
Glaciation as having been due to paleogeographic conditions). 

In 1922, Huntington and Visher developed a “solar cyclonic hypothesis”, 
whereby, at times of increased sunspot activity, the circulation in the earth’s 
atmosphere increased; stormy weather caused greater precipitation and 
hence led to glaciation. Favorable paleogeographic conditions (continents 
with considerable relief) were also required. 

Shapley (1921), Hoyle and Lyttleton (1939), Himpel (1947), and others, 
have all assumed that the nebulae already mentioned caused increased solar 
radiation, i.e., that the sun was a variable star for this reason. Interstellar 
matter would, therefore, cause primary changes in radiation, and not 
secondary changes as in Nélke’s hypothesis. 

In any event, variable solar radiation is regarded as a cause of climatic 
variation, though it is true that astronomers have no other sort of indication 
that solar radiation is subject to great fluctuations. 
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Fic. 133. G. C. Smrpson’s GLACIAL THEORY 


Simpson’s Hypothesis 


Itwas at first supposed that decreased solar radiation led to glaciation, but 
conditions are not so straightforward, and Sir George Simpson (1927) has 
shown that given Quaternary temperature conditions, increased radiation 
can also favor the growth of ice sheets. At the same time, he has attempted 
to give a simple explanation of the occurrence of multiple glaciations. 

Figure 133 indicates the fundamentals of his hypothesis. Solar radiation 
rises from a minimum to a maximum, and then falls off once more. The 
curves for temperature, evaporation, and precipitation run in like manner, 
but the snowfall curve differs. At first it rises but soon falls as the tempera- 
ture becomes too high. Accumulation of ice and snow therefore ceases during 
the phase of maximum radiation when there is a warm, wet interglacial. 
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As the amount of radiation decreases, this sequence is repeated in reverse 
order. When radiation is at a minimum, and this is important, there is 
likewise little accumulation of snow because precipitation is too low. 
Simpson equates this stage with a cool, dry interglacial, One oscillation in - 
solar radiation thus corresponds to two fluctuations in the glaciers. Pluvials 
_are caused in low latitudes at the time of greatest radiation and correspond 
‘not to a glacial phase, but to the warm, wet interglacials. 

A. Wagner and others have considered whether Simpson’s simple scheme 

' would really satisfy the complex, interdependent processes of nature. For 
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Fic. 134. Mopsrrcarion oF Smrreson’s Taeory By B. Brut (after B. Bell, 1953). 


f 
example, he has not considered the varying velocity of flow of ice. The most 
important objection, however, is a geological one; the interglacial climates 
did not correspond to Simpson’s theoretical concept of them. According 
to him, solar radiation fluctuated twice in the Quaternary Period, and so 
gave rise to four glacial phases; the Great Mindel-Riss Interglacial should, 
like the present day, have been cool and dry; the Giinz-Mindel, and 
Riss-Wurm interglacials warm and wet. Paleoclimatic evidence shows no 
such difference; in fact, it tends to show just the reverse. 

Furthermore, the hypothesis demands that the glacial and pluvial phases 
should not coincide, yet what evidence there is suggests that they do. Also, 
there seem to have been as many pluvials as glacials, and not just two as 
there should have been. 
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Modification of Simpson’s Hypothesis 

One particularly weak point in Simpson’s hypothesis is the “‘cool-dry” 
interglacial at the time of minimum solar radiation. This weakness would 
disappear if each glacial phase corresponded to one complete radiation 
rhythm. The problem has been thoroughly discussed by Willet, and most 
recently by B. Bell (1953) who supposes that a radiation minimum led, at 
least, to glaciation of the polar oceans. When radiation increases, it gives 
rise first of all to increased precipitation and growth of glaciers, i.e. to 
glaciation; finally, though, it becomes too high, and with melting of the 
glaciers, an interglacial or nonglacial phase results (fig. 134). 


SUMMARY 


Meteorologists concede that the basic principle of Simpson’s hypothesis 
seems to be correct; increased radiation could produce growth of glacicrs, 
provided the initial temperature were sufficiently low. On the other hand, 
geological observations make it improbable that there were two funda- 
mentally different types of interglacial; the scheme probably fits better the 
difference between interglacials and interstadials. Simpson’s assumption 
that the four major glacial phases correspond to two rhythms in solar 
radiation is, therefore, hard to believe. If such rhythms do cause Ice Ages, 
then there must be one rhythm to each glacial phase. 

Whether increased or decreased radiation leads to glaciation is not of such 
primary interest to the geologist as to the meteorologist. 

There remains the question, “Is the sun a variable star?” Measurements 
of the solar constant over the last few decades have afforded no indication 
of any great fluctuation in solar radiation, but that does not preclude the 
possibility that the sun is a long-period variable. A regular rhythm either of 
250-300 million years, or possibly of 80 million years, can be considered for 
the major climatic changes of the earth’s history (Chapter 20); one of a few 
tens or hundreds of thousands of years for the Pleistocene glacial phases. 
I. J. Opik (1950), who has investigated such endogenic rhythms mathe- 
matically, suggests that fluctuation in radiation “could have been caused by 
the combination of nuclear reaction and gas diffusion” recurring over a 
period of 250 million years. Short-term variations, such as those in the 
Quaternary, cannot be deduced so simply by calculation. 

An aperiodic course of events can also be considered. This would be caused 
by phenomena outside of the solar system, e.g. by nebulae increasing solar 
radiation (Hoyle and Lyttleton). It is unlikely that any definite proof of such 
hypotheses will appear, but it is also clear that they may not be rejected 
just because it is technically impossible to verify them. 


Further reading: WEXLER, 1953. 
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Attempted Synthesis 


Nothing can contribute more to peace of mind 
than having no opinion whatsoever. 
C, C. Licutenserc (1742-1799). 


This much is certain; major climatic variations are extraordinarily complex 
phenomena, which are achieved through the workings of countless individual 
factors. It is, therefore, no wonder that not one of the many hypotheses 
which have been advanced offers a complete solution; in fact, it still appears 
almost impossible to solve the mystery of the Ice Ages. Geological data is 
still much too scanty for that, and we can only venture an attempt at 
a synthesis. The following observations may be regarded as fairly definite: 

(1) Climates have remained fundamentally unchanged throughout the 
Jast thousand million years, except for relatively short-term “Ice Ages”, one 
of which still exists at present. 

(2) Climate is largely controlled by geographic conditions, which have 
altered continuously throughout the carth’s history. 

(3) The Quaternary Ice Age came after the Tertiary mountain building, 
the Gondwana Glaciation after the Upper Paleozoic mountain building. 

(4) Varying geography cannot explain all climatic changes. Paleogeo- 
graphic conditions in the Permo-Carboniferous and in the Pleistocene were 
not so fundamentally different from those of the preceding and succeeding 
epochs, for us to understand why Ice Ages should have originated just 
precisely at those times. Still less can geography account for the repeated 
succession of glacial and interglacial phases. The same stipulations probably 
apply to other less well-known cold phases. 

(5) Radiation curves apparently do not suffice to explain-the multiple 
glaciation of the Pleistocene Period. 

(6) Polar wandering and continental drift have played no part in 
determining climatic conditions from Tertiary times onward, but numerous 
findings, especially in Paleozoic strata, suggest a different position for the 
pole at that time; this is in complete agreement with paleomagnetic results. 


SOLAR-RELIEF HYPOTHESES 


Many climatic developments can be explained on the basis of paleo- 
geography, continental drift, etc., but it seems to me that one cannot 
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dispense with variations in primary solar radiation. Penck was probably 
right to propose that “the Ice Age is exogenic in the truest sense of the 
word”. I should imagine that two principal factors influenced climatic 
development simultaneously: varying solar radiation and changing 
geography. 

When decreased radiation coincided with a favorable configuration and 
distribution of land and sea, there existed the basic requirements for 
extensive glaciation. This was the case in the Upper Paleozoic, and in the 
Pleistocene (particularly in the glacial phases). Geographic conditions 
favorable to the development of Ice Ages also existed at other times, and 
solar radiation must likewise have been decreased at other times, but where 
the two did not coincide, glaciation did not result. 

R. F. Flint advocates a very similar interpretation with his Solar-Topo- 
graphic Hypothesis. The ideas which I have expressed can also be referred 
to as a Solar-Relief Hypothesis. 

Many lesser factors also influenced climate; these were sefouethte for 
small climatic changes. Individual stadials of the Quaternary Ice Age were 
probably dependent on such subordinate factors, but the major climatic 
divisions I would rather attribute to primary variations in solar radiation. 

It seems to me that interpretation of the climatic history of earlier periods 
is not really possible without the additional assumption of polar wandering 
and continental drift. This applies not only to the Gondwana Glaciation, but 
also to the migration of the evaporite belt and the reef belt during the 
Paleozoic Era. Extensive shift of the continents, as proposed by Wegener, 
is not necessary; a moderate amount of drift would suffice to explain 
paleoclimatic findings. Overall movement of the earth’s crust was probably 
more important than drift of individual continents. 
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Future Climatic 
Development : 


A Prospect 


Don’t worry the children about the cold, 
just keep them warm. Burn everything 
except Shakespeare. 


Telegram from Mr. Antrobus at the approach of the 
Ice age. T. Witper, “The Skin of Our Teeth’, 1942. 


It is impossible to make any safe prognosis of the climatic developments 
of the future. This is not surprising, for we have not yet arrived at a proper 
diagnosis of the causes of climatic changes. Moreover, prophecy doesn’t 
really belong in the realms of “paleo”-climatology; but it is, naturally, 
tempting to extrapolate the results derived from a study of paleoclimates, 
to predict future developments. After all, Thornton Wilder has dramatised 
the incident of an approaching Ice Age in his play, “The Skin of Our Teeth”. 

The climatic destiny of the earth is very closely related to the destiny of 
its source of heat, the sun, so the question is really a problem in astronomy. 
Many astronomers now assure us that the sun is no “burnt-out dwarf”, as 
had been thought certain for several decades previously. It is not yet 
approaching extinction; rather the reverse, for in E. J. Opik’s opinion, its 
radiation should increase. Terrestrial temperatures would thereby even- 
tually be raised to a point where life on earth would probably hardly be 
possible. This development will, however, proceed very slowly by our 
standards; so, despite it, Ice Ages may still be possible if conditions are 
otherwise favorable. Adherents of the “radiation curve” theory have 
expressed their views on this most definitely. W. Képpen said, for example, 
in 1931, “The reappearance of glacial phenomena, in the Northern Hemi- 
sphere, during the next 20,000 years or more, is out of the question 
according to astronomical data”, and Milankovitch prophesied in his 
ingenious book “Durch ferne Welten und Zeiten” (1936) that in 26,000 years’ 
time, Pomeranian, Mecklenburg, and Holstein wines will appear on the 
wine-lists of Berlin restaurants. Himpel points out that our solar system is 
heading toward the region of Lyra and Hercules, i.e., towards a region of the 
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heavens where nebulae are Jess abundant than in the vicinity of Orion, 
Auriga, and Taurus, the area that we are just leaving. 

However, the obvious fall in temperature since the postglacial Climatic 
Optimum is disquieting; from it we might deduce that we are living in an 
interglacial, and that a new glacial phase is approaching. C. Ek. P. Brooks’ 
gloomy prediction may also be quoted here: “Some thousands of years 
hence, ice will again spread out from Norway and the Alps.” Ewing and 
Donn (1956), too, see all the indications of an early return to glacial con- 
ditions, and R. W. Fairbridge (1960) concludes, from the variation in sea 
level, that the temperature in middle latitudes will fall by about 1° C over 
the next 500 years. 

We are therefore faced with the choice between two opposed views; which 
will turn out to be correct remains to be seen. Qui vivra verra. 

Man, himself, is already interfering with the course of climatic develop- 
ment through deforestation, production of CO,, etc. Probably, in the 
foreseeable future, he will do so even more effectively (and possibly more 
disastrously—by causing, say, melting of the continental ice sheets). Then 
the fact that natural conditions would otherwise have favored the appear- 
ance of a new Ice Age will probably no longer hold any terrors for us— 
provided, of course, that there are any of us left to care. 
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Barreiro Sandstone, 128 
Bastad, pollen spectrum, 207* 


Batum, Pliocene, 168 
Bauxite, 23*, 25 
Devonian, 126, 129* 
Carboniferous, 136 
Mesozoic, 162 
Tertiary, 166 
Beacon Series, 149 
Bear Island, 126, 132 
Beaver, 58 
Bedding of sediments, 38, 83 ff. 
Bedford Formation, 77 
Beekmantown, 122 
Behring Strait, 200, 208, 227 
Belemnitella, 156 
Belemnites, temperature determin- 
ation, 89, 99, 100*, 155 
Belgrandia marginata, 62, 191 
Belt Series, 112 
Bembe Formation, 120 
Benguella Current, 
Recent, 15* 
Fossil, 178 
Bergmann’s rule, 32, 219 
Bermudas, 
Coral Reefs, 31 
Quaternary, 198 
Betula, 59*, 175, 207* 
Betula nana, 58* 


Biennial rainfall maxima, 91, 138, 175 


Bighorn Mountains, 
Tertiary tillite, 175 
Quaternary, 75 
Bikini Atoll, 30* 
Bioherm, 28 
Biorhexistasis, 24 
Black Forest, 45, 59*, 77, 195 
Black Sea, 48*, 56, 189 
Blaini tillite, 110, 140 
Blockfield, 47 
Bog iron ores, 104 
Bohnerz, 25, 166 
Bolivia, 
Paleozoic, 128, 149 
Tertiary, 174 
Bolshoi Asau glacier, 206 
Bonneville, Lake, 57, 70, 189 
Boreal Province, Mesozoic, 156 
Botucatu Sandstone, 159 
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Boulders, 38, 39, 42, 109*, 115*, 184* 
Boulder Clay, 36 
Boulder orientation, 43 
Branxton Mudstone, 145, 146 
Brazil, 

Precambrian, 110, 119 

Paleozoic, 128, 146, 147 

Mesozoic, 159 

Tertiary, 165 
Brazil Current, 14, 15* 
Bridge Creck flora. 71, 72, 170 
British Columbia, 91, 126, 159, 196 
Brown coal, 104, 170 
Brown earth, 22, 24 
Brown loam, 22. 24 
Bryozoa as reef-builders, 28, 132 
Buntsandstein, 24, 64, 66, 67, 68, 158 
Bunyora Series, 120 
Burindi Limestone, 132 
Burrum Series, 160 


Byrd Expedition, 156 


Cl! Method, 201, 255 

Cabo Domingo, Pollen Diagram, 207* 
Calabrian, 18] 

Calcareous algae, 28, 36, 153 
Calcite crusts, 65 

Calcite in caves, 25 

Caledonian Folding, 125, 216 
Caliche, 65 

Californian Current, 15*, 154, 162 
Cambrian, 123 ff, 213*, 219 
Canada, 41*, 110, 125, 195 

Caney Shale, 139 

Cape Oswald Formation, 115, 118 
Cape Roque, 229 

Capitan Reef, 29, 132 

Carandai Formation, 110 
Carbonic acid hypothesis, 238 ff. 
Carboniferous, 131 f., 213 
Carboniferous Limestone, 26, 131 
Cardium edule, 91 

Carnelian, 65, 158 

Carnotite, 91, 104 

Carolina, 57, 160 

Carolina Tillite, 128 

Carpinus, 59*, 61, 191 

Caspian Sea, 189 


Cassiterite placers, 105 
Castor fiber, 58 
Catskill redbeds, 126 
Caucasus Mountains, 95, 160, 175, 205, 
206* 
Cave deposits, 25, 203 
Cedarberg Tillite (Clanwilliam), 127 
Cementation zone, 104 
Central Europe, climate, 215 
Ceratodus, 69* 
Chaparral, 172, 173* 
Charcoal, 81 
Chazy, 123 
Chemical weathering, 55 
Chernozem, 57 
Chibougama, Lake. 109 
Chile, 
Tertiary, 165 
Quaternary. 75, 191 
saltpetre, 81 
China, 
Eo-Cambrian, 116, 120 
Paleozoic, 124, 132, 137 
Mesozoic, 160 
Chinle, 65 
Cheirotherium, 68 
Chuos Tillite, 111 
Cinnamomum, 34, 35 
Clay galls, 55 
Climatic hypotheses, 8, 221 ff. 
Climatic indicators, 20 ff. 
Climbing plants, 33 
Cloud, 224, 241 
CO,, 26, 238 Mf, 242 
Coal formation, 135, 160 
Coal and CO,, 240 
Coal forests, 34, 133, 134 
Coal seams, 71 
Cobalt, banded slates, 84* 
Cobalt Tillite, 109*, 110 
Cockburn Island, 177 
Coconino Sandstone, 66, 75, 137 
Coconut palms, 165 
Cold climates, 37 ff. 
Cold-blooded organisms, 32 
Colorado, 
Paleozoic, 136, 137 
Trias, 159 
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Colorado—continued, 
Tertiary, 172, 175 
Quaternary, 185 

Coloring of organisms, 27, 132 

Columbia, 

Cretaceous, 165 
Tertiary, 165, 174 
Postglacial, 205 

Congo, 112, 119, 143, 157 

Conifers, 58 

Continental Drift, 2, 152*, 244 ff. 

Contortion by glaciers, 38, 39, 44, 49 

Cooling of earth, 4, 226 

Corals, 
annual growth, 31* 
reefs, 28 ff. 
reefs influenced by wind, 77 

Cordilleras, 

Paleozoic, 123 

Mesozoic, 154 

Tertiary, 171 ff. 
Quaternary, 183, 195, 196 

Cornwallis Island, 123 

Corries, 42, 46, 77 

Corylus (Hazel), 59*, 176*, 202 

Cretaceous, 154 ff, 213 

Crimea, 155, 159 

Crocodiles, 166, 179 

Cromer Interglacial, 168, 194 

Cross-bedding, 75 

Cryptoxoon, 132 

Curie point, 246 

Cyclothem, 138 

Cypraeidae, 27 

Cyprina islandica, 181 


Dadoxylon, 148 

Dakota, Cretaceous, 158 
Dala Sandstone, 112 
Damaraland, Precambrian, 110, 111 
Damuda Series, 140, 149 
Daphnia cysts, 89 
Daspoort Tillite, 111, 120 
Dasycladaceae, 36, 153 
Daun Stadial, 201 

Dead Sea, 189 

Death Valley, 11 

Deep Creek Range, 110 


Dendraster, 27 
Dendrochronology, 92 
Density of atmosphere, 65 
Deserts, 15*, 65 ff. 
Devonian, 124 ff., 129*, 213* 
Devon Island, 125 
Diamonds, Precambrian, 110 
Diamond placers, 104 
Diaspore, 23 
Diatectic varves, 85 
Diluvium, 4, 181 
Diurnal varves, 90 
Dogger (see Jurassic) 
Doldrums, 13, 14* 
Dolomites, 

rock glaciers, 49 

Trias, 29, 153 
Dominant winds, 74 
Don Beds, 191 
Donau Glaciation, 193, 194 
Doré Conglomerate, 110, 111 
Drenthe Stadial, 194 
Drift, Lyell’s theory of, 5 
Drift Ice, 5, 45 
Driftless area, 195 
Driftwood, 44 
Drip points, 72* 
Dronning Maud Land, 149 
Drumlin, 44 
Dryas octopetala, 58*, 185 
Dryas Phase, 202*, 204, 255 
Dunes, 65, 75*, 187* - 
Dunkard coals, 135* 
Duricrust, 174 
Dwyka Glaciation, 39, 43, 141 ff. 


Earth’s axis, inclination, 4, 9, 10, 250, 


256. 
Earth’s orbit, 5, 249 ff. 
East Prussia, 81, 164, 166 
Ecca, 149 
Eccentricity of earth’s orbit, 249 
Eccentricity of tree stems, 80*, 248 
Echinoids, Tertiary, 169 
Ecliptic, obliquity, 10, 249, 256 
Economic deposits, 103 ff. 
Eem Interglacial, 76, 191, 194 
Eichelskopf, Tertiary flora, 34, 72 
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Elatina Tillite, 115, 120 
Elatocladus, 89 
Elephas antiquus, 62 
Elster Glaciation, 193, 194 
Eluvial placers, 104 
Emys orbicularis, 62, 190, 202 
End moraines, 39, 42 
England, 
Paleozoic, 126, 132, 137 
Mesozoic, 153, 156, 158 
Tertiary, 166 
Quaternary, 185, 191, 192 
Entire-margined leaves, 33, 34 
Eo-Cambrian, 113 ff., 210, 215 
Eocene, 165 ff. 
Eopleistocene, 182 
Epiceratodus, 69 
Epipleistocene, 182 
Erebus, wind-blown tuffs, 77 
Erratic blocks, 4, 5, 184* 
Erratic blocks of ore, 103 
Eskers, 43, 44 
Euramerican flora, 134* 
Europe, climatic history, 215 
Eurydesma, 140, 146, 148, 149 
Eustatic changes, 55, 198, 208 
Evaporites, 63, 87, 88 
Evaporite belt, 63, 87, 212 
Ewing & Donn, Hypothesis, 229 ff. 
Extinction, 33, 218, 242 


Fahrenheit, conversion to °C, 268 
Fagus (beech), 59*, 61, 191, 207* 
Falkland Islands, 146, 148 
Fanglomerate, 39, 40, 65 
Faulenseemoos, annual banding, 86, 95 
Faunal breaks and climate, 216, 218 
Favia speciosa, 31* 
Fern Creek Tillite, 110 
Finland, 

Precambrian, 109 

Quaternary, 83*, 85, 201 
Fish, 28, 169 
Fitton, Mount, 116* 
Flinders Range, 115, 116* 
Flood, 4, 89, 181 
Florida, Quaternary, 58, 185 
Florissant flora, 170 


Flying reptiles, 33 

Forams, 26, 62, 100 
Formations, geological, 108 
Fountain Formation, 136 
Frankfurt, 34, 168 

Franz Josef Land, 62 
Freezing point of sea water, 243 
Frost wedges, 52, 53, 54 
Frost markings on leaves. 61 
Fulgurites, 81* 

Furnas Sandstone, 128 
Fusain, 81 

Fusulinids, 27 

Future climate, 263 


Galactic year, 211 

Gangamopteris, 58, 143 

Gaspe, 124 

Geiseltal, 34, 77, 98, 166, 175, 178 

Gel, magnesite, 102 

Geocratic periods, 162, 216 

Geothermal gradient, 236 

Giant’s Causeway, 25 

Glacial control theory, 188 

Glacial landforms, 42 

Glacier Peak eruption, 79 

Glacial streams, meltwater, 90* 

Glacial striae, 5, 6, 39, 40*, 43, 45, 
114*, 144* 

Glacial transport direction, 43 

Glaciers, present distribution, 31 

Glaciers, variation in extent, 203. 204, 
205, 206%, 255 

Glacio-marine sediments, 39 

Glauconite, 57, 167 

Gleicheniaceae, 34 

Globigerina bulloides, 62 

G. inflata, 62, 100 

G. pachyderma, 62 

Globigerinoides rubra, 100, 101 

G. sacculifera, 28*, 62, 100, 101 

Globorotalia menardi?, 62, 199 

Glossopteris, 57*, 132*, 133, 140, 143, 
148, 150 

Glyptostrobus, 35 

Gold Coast, 119 

Gondwana flora, 58 

Gondwana Glaciation, 139 ff., 231 f., 257 
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Gondwanaland, 139 ff., 150, 151*, 231, 
232, 246 
Gorki “Tillite’’, 157 
Goshen flora, 33, 72 
Gotland, Silurian reefs, 29, 123, 
Géttweiger Horizon, 193 
Gowganda Tillite, 109, 111* 
Graham Land, 156, 177 
Grand Conglomérat, 111, 112, 119 
Graptolitic shales, lamination in, 85*, 96 
Great Basin, 71*, 171, 172, 173*, 189 
Great Interglacial, 194, 252*, 254, 259 
Great Salt Lake, 111, 119, 189, 201 
Greenhouse effect, 238 
Greenland, 
Eo-Cambrian, 115, 117, 118 
Paleozoic, 123, 126, 132 
Mesozoic, 81, 156, 157*, 160 
Tertiary, 176 
Quaternary, 62, 183, 197, 203 
Greenland Whale, 62 
Green River Formation, 87, 93, 95, 
171, 172, 175 
Grenzhorizont, 71 
Greta Coals, 146, 149 
Grinnell-Land flora, 175 
Griquatown Tillite, 111, 120 
Ground moraines, 37* 
Growth rhythms, 88, 92, 138 
Gschnitz Stadial, 201 
Guadeloupe Mountains, 29, 132 
Gulf Stream, 2, 14, 15*, 162, 178, 227 
Gumbotil, 196 
Gunnison Tillite, 175 
Giinz Glaciation, 6, 192 ff. 
Guyots, 154 
Gypsum, 63, 64 


Hail, 82 
Halite, 62, 63* 
Haselgebirge, 158 
Hawaii, 
Postglacial, 205, 207* 
rainfall, 17 
Haymond Formation, 139 
Hazel, 59*, 176*, 202 
Heard Island, snowline, 47 
Heceta Island, Silurian, 126 
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Hekla eruption, 77, 78*, 79* 
Helderberg, 124 
Helicigona banatica, 62, 191 
Heterobranchus, 28 
Heterometabolism, 132 
Himalaya, 

crustal shortening, 244 

recent uplift, 46, 226 
Himalaya, Permo-Carboniferous, 116, 

140 

Hissar Range, Jurassic, 159 
History of Paleoclimatology, 4 ff. 
Holland, 53, 168, 191, 194. 
Holocene, 181, 182 
Holstein Interglacial, 194 
Hordle Beds, 168 
Horse latitudes, 13 
Horseshoe Atoll, 30*, 132 
Humboldt Current, 15* 
Humid climates, 70 ff. 
Humus, 23 
Huron, Precambrian, 84*, 110, 111 
Huronian Glaciation, 41, 84*, 111, 211 
Hurricanes, 74. 
Hydrargillite, 23 
Hydrolaccolith, 53 
Hypsithermal, 203 


Iapo Formation, 128, 182 
Ice Age (see Periods), 
Quaternary, 181 ff. 
Term, 5 
Icebergs, 38, 44 
Ice, compression by, 42, 45 
Ice-crystals, 57, 125, 126, 157 
Ice floes, 42, 45 
Ice-free oases, Antarctica, 63 
Ice-free poles, 210, 227 ff. 
Iceland, 
present temperature, 204* 
vulcanicity, 78, 79*, 89 
Tertiary, 169, 175, 177* 
Quaternary, 40*, 45*, 51*, 55, 191. 
197 
Iceland-Faroes Ridge, 229, 230* 
Ice wedges, 52*, 53*, 54* 
Ice-wedge networks, 51, 52*, 185 
IHinoian Glaciation, 196 
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Tilinois, Older Paleozoic, 123 
India, 140, 141 

Indiana, 123 

Indigirka ice wedge, 53* 
Infra-Cambrian, 113 
Inkstone Group, 159 


Inman Valley, striated pavement, 144* 


Inn Glacier, 192 
Insects, 
heterometabolism, 132 
Pleistocene, 62 
wingspan, 32, 156 
Inselberg, 67 
Interglacial, 55, 56, 190 #f. 
Interior heat of earth, 9, 236 
Interstadial, 192, 260 
Ipswich Group, 160 
Trish Elk, 69 
Isochions, 45 
Isostatic movements, 55, 199 
Isotherms, 10* 
Itararé Series, 146 ff. 


Jaluit Atoll, 74 
Jameson Land, 156 
Japan, 
recent corals, 29 
Paleozoic, 132 
Mesozoic, 154, 156, 159, 160 
Tertiary, 165 
Quaternary, 62, 185 
Jinglebob fauna, 194 
Johns Valley Shales, 139 
Jotnian Sandstone, 112 
Juniata Formation, 125 
Jurassic, 153 ff., 212, 213 


Kalahari, 

Tertiary, 174 

Quaternary, 189 
Kamchatka, 169 
Kames, 43 
Kammerbiihl volcano, 78 
Kanimblan Folding, 143 
Kansan Glaciation, 196 
Kansas, 

Permian, 137 

Quaternary, 191 


Kaoko-Field, 142 
Kaolin, 23*, 70 
Kargian, 200 
Kasan, 132 
Katanga, 112, 120 
Katmai eruption, 237* 
Kauai Island, 17 
Kazakstan, 173 
Keetmanshop, 143 
Keewatin, 110, 111 
Kerguelen, 

snow line, 47 

Tertiary flora, 176 
Kettle holes, 43 
Keuper (see Trias) 
Keweenawan, 111, 112 
Kilimanjaro, glaciation, 36, 188 
Kinelj Beds, 169 
King Charles Land, 88*, 156 
Kola Peninsula, 197 
Kome, Cretaceous, 156 
Kossiusko, Mount, 178*, 197 
Krakatoa, eruption, 77, 237 
Kroscencko, Tertiary flora, 168 
Kundelungu, 112, 119 
Kuro-Schio, 

fossil, 154, 162, 178 

recent, 14, 15* 
Kusnezk Alatau, 121 
Kuttung, 143, 146. 149 


Laacher (see Tuff), 76 
Labrador Current, 14, 15*, 227 
Lafonian Tillite, 148 

Lagomys, 69 

Lagopus, 61 

Lahontan, Lake. 71 

Lake ores, 104 

Lake terraces, 70 


Land and sea, distribution of, 10 ff.. 


224, 225 ff. 
Landslides, 38, 39, 42* 
Larix dahurica (larch), 53*, 58 
Laterite, 22, 23*, 24*, 25*. 162 
Laurentian Ice, 183, 195 
Laurus (laurel), 34, 176 
Lavras series, 110. 119 
Leaf coal, 87* 
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Leaf margins, 34 
Leaf size, 33 
Lehringen Interglacial, 62, 191 
Leigh Creek coal, 160 
Lemming (Myodes), 61 
Lepidosiren, 69 
Lepus variabilis, 61 
Lias, 155 ff., 160 
Light, 219 
Light sensitive organisms, 219 
Lightning, 80, 81 
Lime content of marine sediments, 26* 
Limestones, 26 ff. 

dependence on temperature, 26 ff., 

28 

Lingula, 27, 132, 155, 177 
Liquidambar, 34, 176 
Liquid inclusions, 57 
Liriodendron, 34, 176 
Lister, Mount, glaciation, 178* 
‘Little Ice Age’, 203 
Little Kharas Mountains, 112 
Littorina transgression, 98 
Lochinvar Tillite, 143, 144, 146 
Loess, 51, 66, 67, 186 
Loess wedges, 51 
Loiseleuria (Azalea) procumbens, 58* 
London Clay, Eocene flora, 168 
Long-term climatic cycles, 92 ff. 
Longa Formation, 128 
Louisiana, Mesozoic, 159 
Lower New Red, 136 
Lucioperca lucioperca, 201 


Lung fish, 69, 158 


Macaca florentina, 191 
MacKenzie Range, 125 
Madagascar, 143 
Madro-Tertiary flora, 172*, 173 
Magnesium in limestones, 27 
Magnetic pole, 246, 247* 
Maine, 

Paleozoic, 126 

Quaternary, 203 
Malaspina Glacier, 46 
Malm (see Jurassic) 
Mammals, 32, 219 
Mammoth, 20, 36, 61 
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Mangrove, gypsum in, 63 
Mankato, 204 
Manytch Depression, 189 
Marine terraces, 55, 198 
Marinoan Series, 115 
Maritime climate, 11, 12 
Marsh Turtle, 62, 190, 202 
Maryland, 191 
Mascall flora, 71, 170 
Mastixoidea, 36 
Mathematical investigation of climates, 
97 ff. 

Matt surface of grains, 66 
Matto Grosso, 146 
Medicine Bow Range, 110, 111 
Mediterranean, 55, 198 
Megaceros hibernicus, 69 
Melosira islandica, 86 
M. italica, 86 
Meridional circulation, 18 
Mesosaurus, 148, 149 
Mesozoic, 153 ff. 
Metalegoceras, 141, 143, 146 
Metasequoia, 35*, 175 
Meteorites, 81 
Michigan, 110, 125, 136 
Middlegate, Tertiary forecast, 173 
Milazzian, 198 
Milky Way, rotation, 211 
Mindel Glaciation, 5, 192 ff. 
Minorca, Devonian Tillite, 126 
Minussinsk, 133 
Miocene, 164 ff. 
Miotherm, 225 
Mississippian, 131 
Moely Tillite, 114* 
Moenkopi Formation, 56, 66, 159 
Mohave Desert, 171, 172 
Molasse, seasonal banding, 87, 175 
Monastirian, 198 
Monsoon, 

origin, 14 

Carboniferous, 77, 137 
Montana, 

Precambrian, 112 

Tertiary, 175 
Mont Blanc, fulgurites, 81 
Moon cycles, 96 
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Moraines, 37 ff. 

Moscow Basin, 135* 

Mossburn pollen spectrum, 207* 

Mountains and temperature, 11 

Mountain-building and climate, 216*, 
225 ff.. 234, 236 

Mountains as rain traps, 17, 226 

Muschelkalk, 153, 159 

Musk ox, 32, 61 

Myodes (lemming), 61 

Mytilus edulis, 61, 204 


Najas minor, 191 

Nama Formation, 111, 112, 120 

Namaland Ice, 142* 

Namib, 174 

Nantung, 116, 121 

Natal Ice, 142* 

Nautilus, 27 

Navajo Sandstone, 159 

Nebraskan Glaciation, 196 

Nebulae, 257, 258 

Neogene, 164 ff. 

Neuropteris. 89 

Nevada, 154 

Newark Formation, 159 

New Caledonia, 63, 174 

New Jersey, 81, 82, 159, 166 

New Mexico, 62, 65, 132, 137, 159 

New Red, 158 

New South Wales, 143, 145, 173 

New Zealand, 165, 167, 169, 178*, 197, 
205, 207* 

Niagara Formation, 77, 124 

Niari Tillite, 119 

Nickel silicate, 103 

Nile floods, 205 

Nipa, 165 

Nitrate, 81 

Noranda Tillite, 41*, 109 

Normandy, 118 

North America, climatic history, 215 

North Polar Region, climatic history, 
215 

Norway, 15, 29, 85*, 114*, 118, 202* 

Nothofagus, 177, 207* 

Novaya Zemlya, 124 

Novo Sibirsk, 123 


Nugget Sandstone, 159 


Number of coral sp., 31, 153, 154 


Numees Tillite, 111, 120 
Nummulites, 27, 166, 178, 179* 
Nyassa Basin, 143 


018/016 temperatures, 7, 28*, 155 
Obliquity of ecliptic, 10, 249, 256 
Ocean currents, 14 ff., 77, 162, 178, 


179*, 228, 233 
Oeningen, 33, 68, 89, 164, 168 
Ohio, 77, 125, 136, 137 
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Oimekon. minimum temperature, 11] 


Oklahoma, 138, 139, 169 
Older Paleozoic, 123 ff. 
Old Red, 24, 126 
Oligocene, 165 ff. 

Olot, 78 

Oman. 140 

Onondaga, 124 

Oolites, 26 

Ordovician, 123 ff., 212*, 213* 
Organic accumulation, 60 
Organic evolution, 218 ff. 
Orleans Conglomerate, 146 
Orogeneses, 216*, 232, 234 
Otoliths, 28, 89 

Ouachita Mountains, 139 
Outokumpu, 103 
Overturned trees, 79, 178 
Qvibos moschatus, 32, 61 
Oxydation Zone, 104 
Oxygen Isotopes, 7, 28*, 155 
Oya-Schio, 156, 162 


Pacific, 

Cretaceous, 154 

Tertiary, 167* 

Quaternary, 199, 200 
Paleocene, 164, 165 
Paleogene, 164 ff. 
Paleomagnetism, 246, 247*, 248 
Paleophotobiology, 219 
Paleozoic, 123 ff. 
Pamir snowline, 48 
Palms, 20, 35, 164, 165, 179* 
Panama Isthmus, 229 
Parabolic Dune, 74, 75* 
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Parana, Paleozoic, 128, 148 ff. 
Paris Basin, Tertiary, 170 
Pasinho-Taio Formation, 148 
Passo Dois Series, 148, 149 
Patagonia, 
Mesozoic, 155 
Tertiary, 166 
Quaternary, 197 
Patom Highlands, Eo-Cambrian, 121 
Patoot, 156 
Payette flora, 170 
Pearyland, 118 
Peat moors, 60, 61*, 71 
Pebble analysis, 55 
Pebble slates, 44, 126, 127 
Pecten, growth stages, 91 
Pedocal, 65 
Pennsylvanian, 131 ff. 
Pergelisol, 47 
Periglacial, 
general, 42 ff., 67 
Pleistocene, 183 ff. 
Perihelion, 250 
Permafrost, 47 
Permanently frozen ground, 47, 48*, 
184 
Permian, 131 ff., 212*, 213* 
Permo-Carboniferous Glaciation, 6, 
134*, 139 ff., 210*, 211, 219, 220, 
231 ff., 257 
Permo-Trias, 158 
Peru Current, 15* 
Petrified forests, 65 
Phenology, fossil, 89 
Photoperiodism, 176 
Physical methods, 99 ff. 
Physiological aridity, 68 
Piaui, 128 
Picea (Spruce), 58, 59*, 185, 207* 
P. glauca, 58, 185 
P. marianna, 58, 185 
Pingo, 53 
Pinus (pine), 59*, 87*, 175, 207* 
P. koraiensis, 185 
Planetary wind systems, 13*, 17 
Pleistocene, 181 ff. 
Pleistocene, temperature lowering, 
184, 185 


Place and Subject Index 


Pliocene, 165, 167 ff. 
Pliotherm, 225 

Pluvial, 70*, 71*, 189 

Pluvial lakes, 70, 71, 189 
Podsol, 22 

Polar flora, 6, 155, 157*, 176 
Polar night, 176, 244 

Polar wandering, 244*, 247 
Polar water, ascending, 14, 242 
Pontian, 165 

Pontian Alpine Rose, 60, 89, 190 
Portage, 126 

Port Huron, 203 

Portland ammonites, 3 
Portlandia arctica, 62, 184 
Position of source, 75 


‘ Postglacial, 59*, 201 


Postglacial Climatic Optimum, 25, 59*, 
189, 202* ff., 207*, 255 

Potash salts, 63 

Pound Quartzite, 115 

Precambrian, 41*, 107 ff. 

Precession of equinoxes, 250 

Precipitation, 17 ff. 

Precipitation and snowline, 47, 187 

Precipitation and temperature, 17 

Pre-Cordillera, 148 

Pre-Tegelen Cold Phase, 194 

Preservation of tracks, 68 

Prevailing winds, 74 

Pribiloff Island, 42 

Proterozoic, 108 

Protopteris, 69 

Pseudomoraine, 39 ff., 41 

Pterocarya, 175, 191 

Puna de Atacama, snowline, 48 


Quartz, liquid inclusions in, 57 
Quartz content of gravels, 56* 
Quaternary, 181 ff., 218, 220 
Quebec, Ordovician, 41*, 126 
Queensland, 65, 69, 125, 160 


Radak, 44 

Radiation curves, 202*, 248 ff., 251*, 
262 

Radioactive sources of heat, 256 

Rain, 64 
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Rain drops. 64*, 76, 158 
Rain factor. 17 
Rainfall variation, 205* 
Rain forest, 33 
Raised bogs. 71 
Rangia cuneata, 191 
Rangifer tarandus, 61 
Recurrence surfaces, 71, 203 
Red coloration, 22 ff. 
Red earth, 22. 23 
Red loam, 22 ff. 
Red Sea, 11. 26, 31 
Redlichia beds, 116. 121, 125 
Redwood, 72 
Reefs, 28 ff. 
Reef belt, 28. 213*%. 214%. 245 
Reef limestone. 26 ff. 
Regression, 217 
Reindeer, 61 
Relief hypothesis, 225 
Remanent magnetism, 246 
Reptiles, 32, 154 
Reuver. 168 
Rhaeto-Lias, 156. 160 
Rhineland, 
Devonian. 26. 29. 124 
Tertiary. 72°, 87°, 89 


Quaternary. 50*. 54°. 56%, 62. 74, 18t 


Rhinoceros merckti, 62 
R. tichorhinus (woolly Rhino.). 32. 62 
Rhododendron ponticum, 60. 89, 190 
Rhone Glacier, 192 
Rhynia, 68 
‘Ridgeway Tillite’, 175 
Riesengebirge. 46, 49, 77, 195 
Riphean, 118 
Ripples. 65, 66°. 77 
Ripple index, 66 
Riss Glaciation, 6, 192 ff. 
Roche Moutonnée, 41. 42, 44 
Rock G)acier. 49* 
Rocky Mountains, 
Trias, 159 
Tertiary, 172, 226 
Quaternary, 57, 196 
‘Roljsteinfluten’, 5 
Rosenlaui Glacier, 43 
Rotliegendes, 24, 64, 65, 76, 136, 158 


Rott. 87*, 89, 168, 175 

Riidersdorf. 6 

Rudistids, 28. 154, 162 

Rusinga Island, 165 

Russian Platform, 
Eo-Cambrian, 118 
Paleozoic, 126. 132. 136 
Tertiary, 171, 172* 

Ruwenzori Glaciation, 37 


Saale Glaciation, 193, 194 
Sahara Quaternary. 189 
Saiga antelope, 69 
Sakhalin. Cretaccous, 160 
Salix herbacea, 58* 
S. polaris, 58° 
Salpausselkii. 200, 201 
Salt content of ocean, 242 
Salt crusts, Arctic, 63 
Salt Range. 125, 140 
Salts (see Evaporites) 
Sand grains, wind abraded, 66*, 67° 
Sand pebbles, 55 
Sand ridges, 74 
Sangamon Interglacial. 191, 196 
San Juan Mountains, 175 
Sio Paulo, 146 ff. 
Sarmatian, 165, 166, 170, 173 
Sartian, 200 
Satellite ring, 257 
Savannah, 22. 24, 65 
Scandinavian Ice, 183, 192 
Scania, 160 
Schwagerinids, 27 
Schwarzkalk Tillite, 111. 112, 120 
Sciadopitys, 68, 172* 
Scotland, 
Eo-Cambrian, 118 
Paleozoic, 135*, 136, 137 
Jurassic temperature, 99, 100", 155 
Seaham, 143 
Searles Lake, 189 
Seasonal Banding, 83 ff.. 138, 175 
absolute dating, 95 ff. 
of evaporites, 87 
in organisms, 88. 138 
Sea temperatures, 11, 16, 101%, 167*, 
169, 198, 199*, 200, 208 
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Sea water, freezing point, 243 
Secondary pollen, 20, 60 
Sedimentation cycles, 83 ff. 
Sedimentation cycles, Carboniferous, 
138 
Seif dune, 74, 75* 
Seine Series, 110, 111 
Selection by temperature variation, 
218 
Self-induced cooling, 226 
Sequoia, 35*, 88, 169, 175, 218 
Seymour Island, 157, 177 
Sialitic weathering, 23 
Siberia, 
ice wedges, 53 
Eo-Cambrian, 116, 121 
Paleozoic, 67, 123, 125, 139 
Mesozoic, 155, 160, 161* 
Tertiary, 166, 172*, 174 
Quaternary, 48*, 58, 62, 183, 197, 
200 
Sicilian, 198 
Sierra Nevada, 172, 196 
Sigillaria, 34 


Silesia, 37*, 46*, 64*, 69*, 75, 76*, 90*, 


123, 135, 139, 160, 184 
Siliceous earth, 86 
Silicification, 21, 65 
Silurian, 123 ff., 212*, 213* 
Simpson’s Glacial Hypothesis, 258 ff. 
Size increase in mammals, 32, 219 
Size of organisms, 32, 33 
Skye, 99, 100*, 155 
Slumped hails, 39 
Slumped masses, 38, 39, 40, 41* 
Snow Hill Beds, 157 
Snow line, Pleistocene, 45, 48*, 185, 
187, 188*, 192, 202* 
Snow line present, 45, 48*, 188 
Snowy Range, 110 
Soils, 22 
Solar constant, 9 
Solar cyclonic hypothesis, 258 
Solar radiation, 7, 257 £f. 
Solar relief hypothesis, 261 
Sole markings, glacial, 43*, 44 
Solenhofen, drifted boulders, 44 
Solifluction, 47 


Solikamsk, 136 
Sol lessivé, 57 
South Africa, 
Precambrian, 110 ff. 
Eo-Cambrian, 115 
Paleozoic, 43, 93, 127, 133, 141 ff. 
Tertiary, 166, 174 
review, 210*, 215 
South America, 
Precambrian, 110 
Eo-Cambrian, 119 
Paleozoic, 67, 128, 133, 146 ff, 147* 
Mesozoic, 159 
Tertiary, 165, 174, 197 
Quaternary, 183, 188 
review, 210*, 215 
Spain, 
Devonian, 126 
Mesozoic, 153, 159 
Quaternary, 189 
Sparagmite Series, 113 
Spermophilus, 69 
Sphagnum, 71 
Sphenodon, 32 
Spitzbergen, 
Eo-Cambrian, 118 
Paleozoic, 132, 135, 136 
Mesozoic, 155, 156, 160 
Tertiary, 176 
Quaternary, 62, 204 
Sponges, 28 
Squantum Tillite, 127, 139, 232 
Steppe, 63, 69 
Stone nets, stone rings, 49, 51° 
Stone stripes, 49 
Straits of Mackinac, 203 
Streblus, 26 
Striated boulders, 38, 39, 42, 45, 109*, 
115* 
Striated pavements, 38, 39, 40*, 42*, 
44, 114*, 144* 
Strombus bubonius, 198 
Strontium in shells, 27 
Sturt Tillite, 115, 120 
Styx River Series, 160 
Submarine slumping, 39, 40, 41* 
Sudbury series, 110, 111 
Sunspots and weather, 92, 93*, 258 


Place and Subject Index 


Sunspots, relative number, 92, 93 
Sunspot rhythms in sediments, 93, 94* 
Supernova, 219 

Surinam, laterite, 23* 

Symunictic varves, 85 

Symplocus, 36, 168 

Synedra ulna, 86 

Synthesis, 261 


Table Mountain Tillite, 127, 129* 
Taimyr ice wedges, 52* 
Talchir Tillite, 140, 141*, 149 
Tapes aureus, 62, 191 
Tarim Basin, 121, 226 
Tasmania, | 

laterite, 23* 

Eo-Cambrian, 121 

Paleozoic, 91, 125, 127, 143 ff. 

Quaternary, 197 
Taxodium, 35, 169, 171, 172, 175 
Tectite, 81 
Tectonic breccia, 39, 40 
Tegelen Interglacial, 168, 191, 194 
Temperature 

at equal jatitudes, 12, 233 

of oceans, 11, 16 

oxygen isotope, 99 ff. 

upper limit for organisms, 27, 218, 

219 

Temperature variation, 

diurnal, 11 

seasonal, 10*, 11* 
Tennessee, 155 
Termites, 166 
Terraces, 

lake, 70 

marine, 55, 198 

river, 53, 54* 
Tertiary, 164 ff., 213* 
Tethys, 151%, 153, 166, 171 
Texas, 

Paleozoic, 30*, 93, 132, 137, 139 

Cretaceous, 5, 59 

Quaternary, 59, 185 
Thalassostatic terraces, 55 
Thermoluminescence, 102 
Thixotropic processes, 38 
Thunder, 80, 81 
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Tidal lamination, 91 

Tien Shan, 116, 121 

Tierra del Fuego, 205, 207* 

Tilia, 59*, 60 

Tillite, 37 ff., 41*, 109*, 114*, 115*, 
116*, 127*, 177* 

Tillite Canyon Formation, 115 

Tillite term, 6, 39, 141 

Timiskaming Series, 110, 111 

Timor, 132, 145 

Tithonian, 154* 

Tjale, 47 

Todilto Formation, 93 

Tomboro, 237 

Torridonian Sandstone, 112 

Tracks, 68 

Trade winds, 13, 14, 17, 137, 178 

Trans-Caucasus, 162 

Transgression, 217 

Transvaal Ice, 142* 

Transvaal System, 111, 120 

Transverse dunes, 75* 

Trapa natans, 202 

Tree ferns, 34, 72 

Tree line, 175, 178, 184, 202*, 203 

Tree roots and wind, 79, 137 

Tree stems, cross-section, 80* 

Trenton, 123 

Trias, 153 ff., 213 

Tubarao Series, 146 ff. 

Tuff wind transported, 77, 78*, 79* 

Tundra, 22, 51, 58*, 61 

Tundra in Wiirm Glacial, 184, 186* 

Tundra Phase, 201 

Tundra Polygons (see Stone nets) 

Tundra type soils, 22 

Tunguska, 133 

Turgai flora, 174 

Two Creeks, 203, 204 

Typhoon, 74 

Tyrrhenian, 198 


Uganda, 120 

Ukraine, 17] 

Ulu Tau, 121 

Umaria, 140 

Umberatana Tillite, 115 

Upper temperature limit, 27, 218, 219 
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Urals, 
Eo-Cambrian, 118 
Paleozoic, 124, 132, 136 
Mesozoic, 153 
Tertiary, 75 
Uranium/vanadium, 104 
Uruguay, 146 ff. 
Urwiiste, 68 
U-shaped valleys, 43 
Utah, 
Precambrian, 110 
Eo-Cambrian, 119 
Paleozoic, 136, 137 
Mesozoic, 56, 159 
Tertiary, 175 


Valders Readvance, 203, 204 
Varanger Fjord, 44, 114* 
Varanger Glaciation, 113 
Variscan Folding, 133, 152, 216*, 233 
Varved shales, 83*, 109 
Varves, 83* 
Varvite, 84 
Venation of leaves, 68 
Ventifacts, 66 
Vesuvius eruption, 78 
Vienna Basin, 170 
Villafranchian, 181, 194 
Villaroya, annual banding, 87 
Vindhyan, 112, 140, 141* 
Virgatites, 156 
Virginia, 
Paleozoic, 133 
Trias, 159, 160 
Tertiary, 191 
Visingd Formation, 49 
Vitis, 60, 176, 190 
Volcanic breccia, 39. 40 
Volcanic tuff and wind, 77, 78*, 79* 
Vosges, glaciation of, 45, 194 
Vostok, 11 
Vulcanism and climate, 217, 236 ff. 


Wallensen, 169 

Walloon series, 160 

Walsh Tillite, 121 

Wanipagow Conglomerate, 110 
Warm climate, 22 ff. 


Warthe Stadial, 194 
Wasatch Mountains, 111, 119 
Water ripples, 66*, 77 
Water vapor pressure, 243 
Wealden, 160 
Weathering, 55, 56*, 57 
Weathering annual cycle, 90 
Weaver, Mount, 156 
Weddell Sea. 125 
Weichsel Glaciation, 194 
Weiser flora, 170 
Weissliegendes, 74 
Weybourne Cold Phase, 194 
Wiesa flora, 72 
Wilcox flora, 33 
Wind, 13, 65 ff., 74 ff. 
Wind direction, 
general, 74 ff. 
Silurian, 77 
Carboniferous, 76, 77, 78, 79, 137 
Permian, 74, 75, 76, 78, 137 
Trias, 159 
Tertiary, 75, 77, 79 
Quaternary, 75, 76, 78, 79 
Wind facetting, 66, 76* 
Winter growth line, 91 
Wisconsin Glaciation, 195, 196 
Witwatersrand, 103, 111 
Wolfcamp, 132 
Woodbridge Glacial. 145 
Wiirm Glaciation, 6, 186. 192 ff. 
Wyoming, 49, 110, 137, 175 


Xeromorph, 68 


Yarmouth Interglacial, 196 
Yenesei Tillite, 116, 121 
Yoldia (Portlandica) arctica, 62, 184 
Yorkshire, 

Jurassic, 81, 160 

Pleistocene, 51 
Younger Paleozoic, 131 . 


Zapla Tillite, 128 

Zechstein, 137 

Zeehan Tillite, 121, 127 

Zonal circulation, 18 

Zurich, Lake, annual banding, 86* 
Zyrian, 200 


